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ABSTRACT
The impacts of European land clearance and agriculture on two southern Ontario 
kettle lakes were investigated using paleolimnological techniques. Two ~ 50 cm-long 
sediment cores were retrieved from Edward Lake (shallow, polymictic) and North Pond 
(deep, dimictic). The cores were dated using 210Pb dating methods. Percentage organics, 
inferred chlorophyll a and fossil diatom assemblages record striking changes in both lakes 
following land clearance. Lake sediment records show that increased erosion and nutrient 
loading resulted in an abrupt, rapid change from an oligotrophic, benthic, clear-water 
state to a eutrophic, planktonic, turbid-water state. Edward Lake followed the pathway of 
change predicted by the alternative stable state hypothesis, however, changes at North 
Pond are more complex and do not. Anthropogenic activities in lake catchments are 
thought to override climate signals in temperate lakes. However, this research shows that 
temperature is resulting in increases in chlorophyll a concentrations.
Keywords', eutrophication, land-use change, alternative stable state hypothesis, 
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1.1 Nutrient Loading: Land Clearance
Land-use change has impacted freshwater ecosystems by reducing water quality 
and biodiversity (Keatley et al., 2011). In southern Ontario, aquatic ecosystems have been 
affected by land-use change, including European deforestation (circa AD 18 15 -  AD 
1853), agricultural intensification and more recent urbanization (Figure 1.1). In the 1970s, 
it was suggested that changes in lake catchments, such as deforestation from agriculture 
or wildfire, would alter nutrient cycling between terrestrial and aquatic ecosystems 
(Likens & Bormann, 1974). In a forested ecosystem, the loss of particulate matter and 
dissolved substances by erosion are minimized. Removal of vegetation leads to 
significant erosion of the soil and underlying minerals (Foley et ah, 2005). Water, 
dissolved nutrients (phosphorus, P; nitrogen, N) and other chemicals and particulate 
matter move from the terrestrial to aquatic ecosystems and can have profound effects on 
limnological properties and water quality (Gordon et ah, 2008). For example, increased 
nutrients (P, N) can lead to lake eutrophication (Keatley et ah, 2011).
Anthropogenic nutrient enrichment, often referred to as cultural eutrophication, is 
currently the greatest threat to freshwater lakes in most regions around the world (Smol, 
2008; Smith & Schindler, 2009). Cultural eutrophication has many negative side effects 
(Table 1.1) and major economic costs (Werner et ah, 2005; Carpenter, 2005; Reavie et ah, 
2006; Ekdahl et ah, 2007; Smol, 2008; Watchom et ah, 2008; Smith & Schindler, 2009). 
In some cases, cultural eutrophication has been associated with lake regime shifts 
(Scheffer et ah, 2001; Smith & Schindler, 2009). Significant and rapid nutrient
l
enrichment (P, N), in conjunction with large increases in surface runoff, sediment load 
and agricultural chemicals (Foley et al., 2005) can reduce the ecological stability of a lake 
(Smith & Schindler, 2009), triggering an abrupt shift to a new undesirable, sometimes 
catastrophic (Scheffer et ah, 2001) and potentially irreversible (Carpenter, 2005) 
alternative stable state. Alternative stable states pose large complexities for lake 
management and are considered to be one of the most important issues facing 
limnologists today (Carpenter, 2005).
Effects of Cultural Eutrophication
>  Increased biomass of phytoplankton production
>  Shifts to bloom-forming algal species which may be toxic
>  Hypolimnetic anoxia
>  Taste and odour problems
>  Increased release of P and other chemicals from the sediments (internal 
loading)
>  Increased incidence offish kills
>  Decreased aesthetic and recreational value
>  Reduced biodiversity
>  Excessive accumulations of decaying organic matter_________________
TABLE 1.1: Potential effects of cultural eutrophication on freshwater ecosystems 
(Carpenter, 2005; Smol, 2008; Smith & Schindler, 2009).
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FIGURE 1.1: (a) Historic vegetation map of southern Ontario in ca. AD 1600; (b) 
Vegetation map of southern Ontario in ca. AD 2000 (Land Cover Database for North 





Forest, Deciduous Trees > 3 meters in height, canopy closure > 35% (< 25% 
intermixture with evergreen species), of species that seasonally lose 
leaves. Includes deciduous species in the wetland environment
■
Forest, Evergreen Trees > 3 meters in height, canopy closure > 35% (< 25% 
intermixture with deciduous species), of species that do not 
seasonally lose leaves. Includes both broadleaf and needle leaf 
species, as well as evergreen tree species in the wetland environment
■
Shrub/Scrub Woody vegetation < 3 meters in height, with at least 10 % ground 
cover. Includes wetlands with woody vegetation < 3 meters in height
Grassland (> 10 % 
ground cover)
Upland herbaceous gr asses. > 10 % ground cover
B alien Minimal 
Vegetation (< 10 % 
ground cover)
Land with minimal ability to support vegetation, including rock, 
sand, beaches
■
Urban Built Up Developed areas at least 60 meters wide
■




Paddy croplands characterized by inundation for a substantial portion 




Areas where the water table is at or near the surface for a substantial 
portion of the growing season Vegetated wetlands consist of 
herbaceous species only Also includes playas, salt flats, and non- 
tidal mud flats
■
Wetland, Mangrove Sheltered coastal (i.e , estuarine tropical wetlands supporting woody 
species of Mangrove
■
Water All water bodies of size greater than 0.08 ha (1 TM pixel)
■
Permanent or Nearly 
Permanent Ice and/or 
Snow





Areas where no land cover interpretation is possible due to 
obstruction caused by clouds and then shadows, smoke, haze, terrain 
shadow, or satellite or transmission malfunction
Table 1.2: Standard 13-class land-cover legend with class and definition for interpreting 
Figure 1.1 (page 3) (Land Cover Database for North America, 2000).
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1.2 Lake Ecosystem Stability: Alternative Stable State Hypothesis
Alternative stable states, also known as regime shifts, suggest that ecosystems can 
be found in more than one equilibrium or stable state (Beisner et al., 2003; Schroder et al., 
2005). In aquatic ecosystems, it has been widely accepted that shallow lakes can shift 
between two alternative stable states, an oligotrophic clear-water state and a eutrophic 
turbid-water state (Scheffer et al., 2001). Although research has shown that many 
limnological conditions can trigger such a regime shift in lake ecosystems, such as lake 
level fluctuations (Blindow, 1992; Blindow et al., 1993), waterfowl, invasive species and 
climate change (Anderson et al., 2008), on a global-scale, increased nutrient loading has 
been most documented (Scheffer et al., 2001). A lake ecosystem within the clear-water 
state often seems to be hardly affected by increased nutrient concentrations until a critical 
threshold is passed, at which time the lake shifts abruptly and unexpectedly to the turbid- 
water state (Scheffer et al., 1993; Scheffer et al., 2001; Folke et al., 2004). For example, 
paleolimnological analysis by Reid et al. (2007) provided evidence from a shallow oxbow 
lake in Australia that widespread erosion by European settlers in the late 19th century led 
to a gradual increase in water turbidity contributing to a gradual decrease in water 
transparency, which eventually triggered an abrupt switch to a new alternative stable 
state. In addition, beginning in ca. AD 1942, excessive inputs of P were eroded into 
shallow Lake Apopka (Florida, USA) from large-scale agricultural development in the 
watershed, but the lake did not experience a rapid regime shift until ca. AD 1947 
(Schelske et al., 2005).
Following a disturbance, such as land clearance, erosion and runoff are expected 
to eventually level off (Smol, 2008) and a lake ecosystem may, in turn, show signs of 
recovery and establish a new stable state (Figure 1.2). However, the new stable state does
5
not necessarily recover to the pre-disturbance stable state. According to the alternative 
stable state hypothesis, lake recovery following a large disturbance, such as land 
clearance, is difficult (Carpenter, 2003) and is primarily dependent on the degree of 
hysteresis (Schroder et al., 2005), which is based on the physical characteristics of the 
specific lake (e.g. land-use within the catchment, depth, morphometry, climate) (Scheffer 
and van Nes, 2007).
FIGURE 1.2: A potential lake ecosystem’s response and subsequent shift to a new 
alternative stable state as a result of a large disturbance (e.g. nutrient loading) (Dealing, 
1994; modified from Smol, 2008).
The alternative stable state hypothesis suggests that shallow lakes and deep lakes 
operate through different mechanisms. In shallow lakes (non-stratified), the transition 
between the clear-water state and the turbid-water state is centered on the interaction 
between submerged vegetation and turbidity (Scheffer et al., 1993). In the clear-water 
state, a shallow lake (< 7 m deep) is dominated by submerged aquatic macrophytes 
because light can generally penetrate to the bottom of the lake. Low nutrient inputs result 
in an oligotrophic (nutrient-poor) lake status and any incoming nutrients are utilized by 
the macrophytes. The rooted macrophytes have a positive effect on water clarity by
6
reducing the resuspension of benthic material, providing a refuge for zooplankton 
(feeding on phytoplankton) from planktivorous fish, suppressing algal growth by 
competing with phytoplankton for nutrients and releasing allelopathic substances that are 
toxic to phytoplankton (Scheffer et al., 1993; Foley et ah, 2005; Smol, 2008). Lake 
ecosystems with greater abundances of submerged vegetation, therefore, respond 
hysteretically to nutrient enrichment because the macrophytes initially prevent a shift 
away from a stable, clear-water state. With continued nutrient enrichment, however, 
shallow lakes will reach a threshold and abruptly shift to a eutrophic (nutrient-rich), 
turbid-water state. In a turbid state, rooted macrophytes disappear due to low light 
penetration and phytoplankton will dominate (Scheffer et ah, 1993, 2001, 2003).
The response of deep lakes to nutrient enrichment is less clear and the little 
research available has led to contrasting theories. Using a model, Scheffer (1990) 
suggested deep lakes (> 7 m; thermally stratified) whose bathymetry has gradually 
declining sides with increasing depth (opposed to steep slopes) will respond in a smooth, 
continuous way to nutrient enrichment without a rapid regime shift (Figure 1.3). 
Gradually declining slopes provide a larger littoral zone to allow aquatic macrophyte 
growth, which will decrease more evenly with increasing turbidity (Scheffer, 1990). As a 
result, an abrupt shift to a new alternative stable state is not expected to occur. In 
addition, Scheffer (1990) suggested deeper lakes will display little hysteresis, if any, to 
nutrient enrichment because the relative area of the littoral zone is much smaller than 
shallow lakes.
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FIGURE 1.3: Modified diagram based on a model showing the relationship between a 
shallow lake of homogenous depth (SHALLOW) and for a deep lake with gradually 
declining sides (DEEP) to increased nutrient concentrations (x-axis) and phytoplankton 
abundance (y-axis). The dashed line represents the rapid shift -  unstable state 
(‘threshold’). According to the model, the rapid shift does not occur in the deep lake 
(Scheffer, 1990).
In contrast, Carpenter (2003) suggested deep lakes can experience a rapid shift 
from a clear state to a turbid state, similar to a shallow lake, although the shift occurs due 
to different processes and along different pathways. In thermally stratified lakes, changes 
occur in response to hypolimnetic oxygen availability and iron (Fe) rather than vegetation 
and turbidity (Carpenter, 2003). In the oligotrophic clear-water state, phytoplankton 
production is low and the hypolimnion remains well oxygenated resulting in minimal P 
cycling (Fe remains in the oxidized state binding P in insoluble form) (Folke et al., 2004). 
With increased P concentrations, phytoplankton production increases and the 
hypolimnion becomes anoxic. Consequently, P dissolves into the water as Fe is now in 
the reduced state. P is then released to the epilimnion with overturn and can result in algal 
blooms. Therefore, internal P cycling creates a eutrophic turbid-water state that displays 
hysteresis to nutrient reductions, similar to what is observed in a shallow lake. These 
differing models may be due to the complexity of internal nutrient cycling, which is
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controlled by hypolimnetic oxygen, but also the duration and strength of thermal 
stratification, which is linked to climatic conditions. Therefore, the ability of a lake to 
resist change to an alternative state may also be linked to climatic conditions (Scheffer et 
al., 2007).
Previous literature is ambiguous about what constitutes a stable state. Previous 
literature has indicated that regime shifts can occur frequently and not necessarily lead to 
a prolonged steady state. For example, Bayley et al. (2008) showed that over 70 % of 
shallow lakes had shifted from a clear, macrophyte-dominated state to a turbid, 
planktonic-dominated state two to nine times in a six year period. In addition, a study by 
Blindow (1992) showed that Lake Takem and Lake Krankesjon, two shallow lakes in 
southern Sweden, have shifted several times during the past few decades between a dear- 
water state and a turbid-water state. In my study, I refer to a stable state as one that has 
remained in a specific state (e.g., planktonic-dominated turbid state) for longer than five 
years and has shown low variability (within 1SD of the mean value of the steady state) 
within that time period (i.e., does not shift between states).
Although many lakes in southern Ontario have been affected by increased nutrient 
inputs from European land clearance and have shifted from an oligotrophic to a eutrophic 
state (Ekdahl et al., 2004; Werner et al., 2005; Reavie & Smol, 2006; Ekdahl et al., 2007), 
much remains to be understood regarding the different processes and responses between 
shallow and deep lakes in response to land clearance.
1.3 Temperature Warming
In addition to the various anthropogenic disturbances, increasing temperatures 
may also be altering these lake ecosystems. Atmospheric concentrations of greenhouse
9
gases have increased since the onset of the Industrial Revolution due to widespread 
burning of fossil fuels and large-scale, land-use change (IPCC, 2007). Temperature and 
precipitation have undergone substantial changes as a result of changes in atmospheric 
composition. According to Mortsch and Quinn (1996), temperature and precipitation are 
expected to continue to increase. Using model scenarios, Mortsch and Quinn (1996) 
predicted that mean winter temperature would increase the most (3.4 -  9.1°C) for 
southern Ontario. Lakes act as ‘sentinels’ of climate change, integrating signals from the 
terrestrial, atmospheric and aquatic ecosystems (Williamson et al., 2009). A warmer 
climate will impact lake ice phenology, resulting in earlier ice-on and ice-out dates, the 
duration of ice cover and earlier onset of thermal stratification (Ruhland et ah, 2008). 
Previous literature has mainly focused on remote high arctic and alpine lakes because 
they are suggested to be highly sensitive to climatic fluctuations (Ruhland et ah, 2008; 
Smol, 2008). In temperate lakes, determining the effects of temperature change can pose a 
challenge because the impacts of temperature may be blurred as a result of multiple 
stressors that can mask a climate signal (Ruhland et ah, 2008; Smol, 2008). For example, 
in southern Ontario, the majority of lake sites have been severely impacted by 
anthropogenic disturbances (European deforestation, agriculture, urbanization).
According to recent research, however, regardless of anthropogenic activities, climate can 
affect lake ecosystems. For example, at Lake Simcoe, Hawryshyn (2010) showed a 
pronounced lake-wide shift in response to regional climate warming in the mid-to-late 
20th century. Further research on other inland temperate lakes would add to previous 
research, providing more compelling evidence that recent temperature warming is playing 
an important role on lake ecosystems in this region.
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1.4 Paleolimnology
The majority of freshwater studies only extend as far back as instrumental 
monitoring data. In North America, long-term monitoring of lake ecosystems rarely 
extends more than several decades (Smol, 2008), which limits our ability to determine 
natural variability and whether recent changes are unusual. Furthermore, many 
limnological studies are not undertaken until after a lake has shifted to a new alternative 
stable state (Smol, 2008). In such instances, paleolimnological techniques, which use 
proxy data archived in lake sediments to extend our monitoring record back in time, are 
critical. The ability of paleolimnology to provide records of limnological variables that 
pre-date the onset of anthropogenic stressors (Smol, 2008; Willis et al., 2010) makes it a 
powerful tool for determining the pre-disturbance baseline data necessary for 
understanding the rate, magnitude and response of a lake ecosystem to a new alternative 
stable state.
Paleolimnology is the study of aquatic systems that uses the physical, chemical 
and biological information preserved in sedimentary profiles to reconstruct past 
environmental conditions (Smol, 2008). One law that this multidisciplinary science is 
based on is the Law o f Superposition, defined in the 17th century by Nicholas Steno, 
which states that for any undisturbed sedimentary profile the deepest deposits are the 
oldest because they are progressively overlain by younger material. The accumulation of 
sedimentary material can originate from both allochthonous and autochthonous sources. 
Allochthonous materials (i.e., material coming from outside the lake) include organic 
matter from plants and trees, nutrients such as P and N, atmospheric inputs such as pollen 
grains, and radioactive nuclides. These materials can aid in reconstructing the state of the 
catchment. Autochthonous materials (i.e. materials formed in the water body) include
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dead algal material, remains of aquatic macrophytes and chemical precipitates. 
Autochthonous materials can indicate the productivity of the lake. Overall, a sedimentary 
profile can provide paleolimnologists with continuous, complete and reliable records of 
past environmental conditions by accumulating material from aquatic, terrestrial and 
atmospheric sources (Smol, 2008).
A second underlying assumption of paleolimnological research is the Principle o f  
Uniformitarianism (or more simply “the present is the key to the past”) (James Hutton, 
1788), which assumes that the processes and relationships between systems operating 
today were the same in the past. In paleolimnology, most important is the assumption that 
the relationships between biotic and abiotic factors have remained the same over time.
1.5 Diatoms as Paleolimnological Indicators
In lake sediments, bioindicators can occur in the form of morphological fossils 
preserved as the hard parts of organisms, such as the siliceous algal components of 
diatoms and Chrysophecean stomatocysts or cysts, as well as pollen grains and spores. 
Bioindicators can also occur in the form of biochemical fossils, such as fossil pigments. 
Using multiple proxies from both the morphological and chemical fossils can provide a 
more robust paleolimnological reconstruction of the water body and surrounding 
environment (Smol, 2008).
One of the main algal indicators in paleolimnological investigations are diatoms. 
Diatoms (Class: Bacillariophyta) are microscopic (~1 pm -  1000 pm), unicellular, 
golden-brown algae (Barron, 1993) characterized by a cell-wall made of opaline silica 
(Battarbee et al., 2001). Their siliceous cell walls, composed o f two valves that together 
form a frustule, are very well preserved in lake sediments (Stoermer & Smol, 1999)
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because opaline silica (Si02*H20) is generally resistant to bacterial decomposition, 
chemical dissolution and physical breakage (Smol, 2008). Diatoms are one of the most 
diverse and abundant algal groups in most freshwater systems, estimated to have over 200 
000 different species (Mann & Droop, 1996) and accounting for more than half of the 
overall primary production (Smol, 2008). Their taxonomy is based on distinguishable 
size, shape and ornamentation of their cell walls, which allow identification to the species 
level or lower (Stoermer & Smol, 1999). Diatoms have short life cycles (weeks) and 
therefore respond quickly to environmental changes. In addition, many diatom taxa have 
narrow ecological optima and tolerances and can thus be used to infer past environmental 
conditions. For example, diatom-based transfer functions have been developed to infer 
past total N concentrations (Christie & Smol, 1993), past P levels (Reavie & Smol, 2001) 
and lakewater nutrients and alkalinity levels (Werner & Smol, 2005) in southern Ontario 
lakes.
Diatom species are sensitive to changes in nutrient concentrations making them 
excellent indicators of lake eutrophication (Hall & Smol, 1999). In southern Ontario, 
numerous studies have been conducted using diatoms to track cultural eutrophication 
caused by European settlement in the mid-1800s. For example, Werner et al. (2005) used 
diatom-based paleolimnological techniques to track a shift from oligotrophy to eutrophy 
due to land clearance following European settlement in six lakes located on the Bruce 
Peninsula. In addition, Reavie et al. (2006) examined three lakes in southeastern Ontario. 
In two of the three lakes, cultural eutrophication caused diatom assemblages to change 
significantly following European deforestation and mining during the 19th century. The 
third lake was naturally eutrophic. Similarly, increased nutrient input caused by Iroquoian 
horticultural activity and European settlement in Crawford Lake, located in southern
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Ontario, resulted in hypolimnetic anoxia and irreversibly altered diatom community 
composition (Ekdahl et al., 2004; Ekdahl et al., 2007).
Given that diatoms assemblages can track changes in nutrient concentrations, they 
can also be used to indirectly infer a regime shift from an oligotrophic clear-water state to 
a eutrophic turbid-water state. For example, Karst and Smol (2000) used the changes in 
the abundances of epiphytic diatom taxa (attached to plants) as an indication of past 
changes in macrophyte abundances in Lake Opinicon in southeastern Ontario. Lake 
Opinicon, a shallow polymictic lake with extensive macrophyte growth, experienced 
marked anthropogenic disturbances resulting from logging, agriculture and recent 
recreational activities, yet the trophic status had not changed. Their results suggested 
Lake Opinicon demonstrated hysteresis to nutrient enrichment from the rooted 
macrophytes acting to suppress algal productivity (Karst & Smol, 2000). In addition, 
McGowan et al. (2005) used the planktonic to benthic (P:B) diatom ratio to track a regime 
shift in two shallow hypertrophic lakes in Denmark. The P:B ratio is a useful proxy for 
tracking regime shifts because in a clear-water state, benthic diatom species should 
dominate due to deep light penetration, whereas in a turbid-water state, planktonic diatom 
species should be more abundant (Smol, 2008). In both Danish lakes, the clear-water 
regime was represented by greater proportions of benthic diatoms when rooted 
macrophytes were in high abundance. Following nutrient enrichment (ca. AD 1940) from 
increased urbanization, however, the lakes shifted to a turbid-water regime concomitant 
with the disappearance of macrophytes and the subsequent dominance of planktonic 
diatoms.
Recent literature has also shown that sedimentary diatom assemblages can be used 
to track climate warming in lakes. Paleolimnological studies from arctic and subarctic
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regions have shown recent increases in abundances of planktonic Cyclotella species, 
concurrent with decreases in heavily silicified Aulacoseira taxa and/or small, benthic 
Fragilaria taxa in response to warmer temperatures (Ruhland et al., 2003; Riihland & 
Smol, 2005; Paul et al., 2010). Warming temperatures can reduce ice-cover (earlier ice- 
out dates) and affect the timing of the onset, duration and strength of thermal stratification 
and also delay fall turnover (Ruhland et al., 2008). Increased thermal stability is a 
competitive advantage for smaller, lighter, planktonic Cyclotella species that bloom more 
abundantly with stronger stratification (Winder et al., 2009). In contrast, Aulacoseira 
species are heavier and are more susceptible to sinking out of the water column with 
stronger stratification (Winder et al., 2009). Recently, Ruhland et al. (2008) extended the 
observations from high-latitude lakes to include temperate lakes by conducting a meta­
analysis of over 200 paleolimnological studies in North America and Europe. The results 
corroborated previous studies in the arctic that showed increases in the abundances of 
small-sized Cyclotella species concurrent with decreases in heavily silicified Aulacoseira 
taxa (Ruhland et al., 2008).
1.6 Objectives and Hypothesis
In this study, I will use diatoms and other paleolimnological proxies to investigate 
whether two lakes (a shallow lake and a deep lake) in southwestern Ontario have shifted 
to alternative stable states due to nutrient enrichment from European land clearance in the 
mid-1800s. High-temporal resolution analyses of sediment cores from a shallow lake and 
a deep lake will be used to determine differences in their response to similar landscape 
changes resulting from human activity. The diatom community compositions from both a 
shallow lake and a deep lake will also be compared to instrumental temperature records to
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determine any relationships between temperature and inferred limnological changes. The 
two main objectives of this thesis are:
1) To test whether the alternate stable state hypothesis holds true for a deep and a 
shallow lake situated in southwestern Ontario;
2) To determine whether diatom community compositions are responding to 
temperature in southwestern Ontario lakes, despite the impacts of land clearance.
I hypothesize that a rapid influx of nutrients (P, N) from land clearance by 
European settlement in the mid-1800s could trigger a shift from an oligotrophic dear- 
water state to a eutrophic turbid-water state in both a shallow lake and a deep lake in 
southwestern Ontario (Table 1.3). I predict that the changes observed at both lakes will 
support the alternative stable state hypothesis. In the shallow lake, I expect oligotrophic 
benthic, epiphytic diatom taxa to dominate prior to land clearance reflecting a dear-water 
state with high abundances of aquatic macrophytes. Following land clearance, I expect 
eutrophic planktonic diatom taxa to dominate reflecting a turbid-water state resulting 
from a loss of macrophytes. Following Carpenter (2003), in the deep lake, prior to land 
clearance I predict high abundances of oligotrophic diatom taxa whereas following land 
clearance I expect a shift to eutrophic planktonic taxa. Despite previous evidence 
suggesting a link between diatom community composition and temperature, I predict that 
the diatom community compositions will not show a relationship to temperature because 
anthropogenic stressors, such as agriculture and urbanization, will mask and/or override 
any climate signal.
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Prior to Land Clearance Post Land Clearance
Shallow Lake - Oligotrophic clear-water state
- High abundance of rooted 
benthic macrophytes
- Eutrophic turbid-water state
- Disappearance of rooted 
benthic macrophytes
Deep Lake - Oligotrophic clear-water state
- Low P inputs
- Oxygenated hypolimnion
- Eutrophic turbid-water state





- Oligotrophic benthic taxa - Eutrophic planktonic taxa
TABLE 1.3: Predicted regime shifts and processes from land clearance in a shallow lake 
and a deep lake.
Ultimately, the results of this study will enhance our understanding of the impacts 
of land-use change on lakes in southwestern Ontario. Knowledge of pre-disturbance 
baseline conditions and past shifts in the ecological stability between shallow and deep 
lakes will be useful for implementing appropriate lake management strategies in the 
future.
1.7 Rationale for Study
A regime shift from an oligotrophic clear-water state to a eutrophic turbid-water 
state can be abrupt, long-lasting and have considerable impact on overall lake ecosystem 
function (Biggs et al, 2001; Smith & Schindler, 2009). Nutrient enrichment may lead to 
immediate symptoms of eutrophication and a subsequent shift to a new alternative stable 
state (Carpenter, 2005). A lake’s specific hysteresis to nutrient reduction, which is 
influenced by a range of variables, including lake depth and size (Scheffer & van Nes, 
2007), affect a lake’s recovery to an initial pre-disturbance clear-water state, which makes 
lake management complex because individual lakes will require unique restoration and
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management plans. Therefore, avoiding unintentional regime shifts in the first place is 
desirable (Biggs et ah, 2009).
Recently, there has been a resurgence of interest in regime shifts because human 
demands on the environment are expected to increase the likelihood of cultural 
eutrophication and trigger shifts to new undesirable alternative stable states. In southern 
Ontario, where the majority of the province’s population resides and most of the 
agricultural land is found, the effects of human activities on lakes have been striking. 
Understanding the differences in the response between shallow and deep lakes to human 
activities is important for implementing appropriate management strategies to avert future 
regime shifts. In addition, climate warming can exacerbate anthropogenic stressors by, for 
example, increasing primary productivity which can further stabilize a lake in a non­
natural, turbid-eutrophic state (Jeppesen et ah, 2003). Furthermore, it is expected that 





2.2.1 Lake and watershed properties
Edward Lake (44°22’02”N 80°15’08”W) (Figure 2.1) is a shallow (maximum 
depth 5.3 m) kettle lake situated in Simcoe County in southern Ontario (Figure 2.2), 
between the Osprey and Nottawasaga1 Township lines. The water column of Edward 
Lake mixes frequently (polymictic). Water levels are predominantly controlled by 
precipitation-evaporation (P-E) as well as the groundwater table. One outlet exists in the 
southwest comer of the lake basin which runs into the Mad River sub watershed 
(Cumming, 1970; personal field notes). Remaining lake and watershed properties are 
summarized in Table 2.1.
Edward Lake North Pond
Latitude 44° 22’ 02” N 42° 55’ 48” N
Longitude 80° 15’ 08” W 81° IT  33” W
Maximum Depth (m) 5.3 21
Surface Water Area (ha) 29.4 9.4
Water Catchment Area (km2)
Prior to Urbanization 3.1 2.2
Present-day 3.1 1.2
Altitude (m above sea level) 507 223
TABLE 2.1: Lake and watershed properties of Edward Lake and North Pond.
1 Nottawasaga Township has recently been re-named Clearview Township by joining Nottawasaga 
Township and Sunnidale Township of Simcoe County. I will be using Nottawasaga Township due to the
historical perspective of the study area.
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FIGURE 2.1: Regional locations of Edward Lake and North Pond, Southern Ontario, 
Canada (Google Earth Image, 2011).
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FIGURE 2.2: Aerial view of Edward Lake (Google Earth, 2011) with outlined surface 
water catchment (NRC, 2007).
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2.1.2 Geology & Physiography
During the Wisconsin glaciations (~ 110 000 to ~ 10 000 years ago), southern 
Ontario was covered by the Laurentide ice sheet. Approximately 14 000 years ago, as the 
ice sheet started to retreat, large blocks of ice broke free creating large depressions 
(kettles) in the land (Dyke et al., 2003). Kettle lakes were formed when the ice blocks 
began to melt and the depressions filled with water. Edward Lake consists of two kettle 
lake basins (Figure 2.3) situated on the Singhampton moraine (Chapman & Putnam, 
1984).
The underlying bedrock geology surrounding Edward Lake is Paleozoic Upper 
Silurian dolomite, limestones and shales (Cumming, 1970; Chapman & Putnam, 1984). 
The surficial geology consists of sandy silt and clayey tills (Chapman & Putnam, 1984). 
The physiography of Nottawasaga Township contains many glacial features including 
spillways, escarpments, till moraines, boulders, eskers and drumlins. Located on a till 
moraine, the undulating topography creates higher relief on the eastern and western sides 
of the basin and a smoother topography in the north.
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FIGURE 2.3: The bathymetry of Edward Lake including coring location (red star). 
Contour lines represent 2 m intervals beginning at 0 m along the shoreline. Image 
provided by Google Earth Image, 2011. Bathymetry was determined by a depth finder in 
the summer of 2009.
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2.1.3 Soil
The Township of Nottawasaga is comprised of predominately loam soils 
(Chapman & Putnam, 1984). According to Soil Landscapes of Canada (SLC), Edward 
Lake lies within the Melanie Brunisolic subgroup of the Brunisolic order (AAFC, 2010). 
These soils form under mixed forest and experience illuviation, a depositional process 
demonstrated by the accumulation of clays (Bt) and possibly an enrichment of organic 
debris (Bh). The soils of this order are rated as medium and variable in fertility. The 
parent material, the underlying unconsolidated materials derived from the action of 
glaciers, is morainal consisting of a mixture of boulders, stones, sand, silt and clay 
(AAFC, 2010).
2.1.4 Climate
The modem temperate climate of Edward Lake is characterized based on 
seasonally shifting air masses (Edwards et al., 1996). The dominance of the dry Arctic air 
masses arising in northern Canada generates cold and long winters. The warm, moist 
Maritime-Tropical air masses from the south and the seasonally warm, relatively dry 
Pacific air masses from the west generate warm and humid summers. The Wiarton air 
temperature records (1895 -  2008) (Figure 2.4a -  2.4c) and precipitation records (1948 -  
2007) (Figure 2.5) were adjusted and homogenized to correct for changes in instruments 
and in observing procedures (Environment Canada, 2010). While there are data available 
from climate stations as close to Edward Lake as Collingwood, the longest, most 
continuous record available for annual and seasonal air temperature and precipitation 
were obtained from the Wiarton station (~ 80 km from Edward Lake). The annual air 
temperature data (mean annual air temperature: 6.4 °C) shows an overall increasing trend,
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most notably from the late 1970s to present day. The growing season and winter season 
data (Figure 2.4b, 2.4c) were plotted to determine which season has greater influence on 
mean annual air temperature. Based on historical data from ca. AD 1895 to ca. AD 2008, 
winter season (Figure 2.4c) exerted more influence on mean annual air temperature 
(correlation coefficient = 0.962) over the growing season (Figure 2.4b) (correlation 
coefficient = 0.898). The historical precipitation record (Figure 2.5) shows an increase in 
precipitation from approximately the late 1960s to present day with some slight 
variations.
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FIGURE 2.4a: Mean Annual Air Temperature (°C) from Wiarton Ontario (Environment 
Canada, 2010).
FIGURE 2.4b: Mean Monthly Air Temperature (°C) for the growing season (April to 
October), Wiarton Ontario (Environment Canada, 2010).
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Wiarton Mean Monthly Air Temperature for Winter Season
(October to April) 1895 to 2008
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F IG U R E  2.4c: Mean Monthly Temperature (°C) for winter season (October to April), 
Wiarton Ontario (Environment Canada, 2010).
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Edward Lake is part of the Great-Lakes -  St Lawrence Forest Region which 
covers approximately 20 million hectares (ha) of central Ontario and contains 19 % of 
Ontario’s forests (MNR, 2011). This region is characterized by a combination of conifers, 
such as white pine (Pinus strobus), red pine (Pinus resinosa), eastern hemlock (Tsuga 
canadensis) and white cedar (Thuja occidentalis) and of hardwoods, such as sugar maples 
(Acer saccharinum), red maples (Acer rubrum), basswood (Tilia americana), red oak 
(Quercus rubra) and American beech (Fagus grandifolia) (MNR, 2011). The eastern and 
southern sides of the lake basin was reforested after land clearance and is now a mature 
forest comprised of conifers and hardwoods characteristic of the forest region. A narrow 
buffer zone of shrubs and grasses exist along the other shorelines in combination with 
open grassy areas (cut and controlled by lake owners) and recently planted maple trees.
2.1.6 Historical Description of Land Use 
Pre-European
Prior to European settlement, the region surrounding Edward Lake was covered 
with a hardwood forest, dominated by maple and beech trees (Ontario Department of 
Lands and Forests, year unavailable). A small patchy mixture of cedar, tamarack, 
hemlock, spruce, alder and willows were also present in the area. No evidence from 
historical documents suggests pre-Iroquoian activity or settlement within the catchment of 
Edward Lake.
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1830 -  1860 European Settlement
In 1832, Thomas Kelly first surveyed Nottawasaga Township followed by Chas. 
Rankin in 1833 (Hunter, 1998). A few years later, in AD 1836, Edward Lake (Lot 21 
Concession 12) was granted to Edward Allen Walker by the Crown who owned the lot 
until AD 1860 (MGS, 2003).
Although clearing the catchment size of Edward Lake (~ 3.1 km ) would be 
expected to occur within five years (Kelly, 1968), the date of land clearance could not be 
defined within a short time period because of a lack of complete historical records. As a 
result, land clearance probably took place between ca. AD 1836 (land was first bought) 
and the early AD 1850s. Clearing would begin with underbrushing; cutting the small 
saplings and underwoods with an axe beneath the hardwood forest. The brushwood was 
piled, left to dry and burned the following spring. The hardwood forest was then cleared, 
the top and principal branches were cut off and thrown onto brushwood piles and the 
trunk was cut up into lengths from 10 to 14 feet (Kelly, 1968). The lumber was used to 
build and furnish houses and construct bams and bridges. It is important to note clearing 
was not easy, as the settlers had to fight a continuous battle with the recolonisation of 
forest flora. Following burning, fireweed, wild lettuce and young cherry trees grew 
quickly (Marks & Bormann, 1972). Only after a field was fallowed, ploughed and weeded 
for several years that the recolonisation situation was brought under control (Kelly, 1968). 
The construction of a railroad into the township in AD 1853 and the extension of 
Hurontario Street into Collingwood in AD 1854 provided easier access for exporting 
timber and agricultural crops. As a result, land clearance and settlement accelerated 
(Hunter, 1998). By the early 1850s, the majority of Nottawasaga Township had been 
cleared.
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Extensive wheat farming dominated the agriculture of Simcoe County following 
land clearance. According to the Ontario Department of Agriculture (1962), the soil 
around Edward Lake was “good quality” for raising wheat. Wheat was a profitable and 
successful crop during deforestation, not only for soil compatibility, but it required less 
physical labour allowing farmers to concentrate on clearing their land (Kelly, 1968).
1860 -  2011 Post-European Settlement
Agricultural activity has continued within the catchment of Edward Lake from 
land clearance to present-day. A wheat-fallow-wheat farming system was carried out until 
the 1880s when mixed farming became more profitable for the market (Kelly, 1968). 
Mixed farming included raising livestock such as poultry, hogs, cattle and horses, in 
combination with wheat, hay, potatoes and a variety of vegetables. A large white cattle 
bam, visible in Figures 2.2 and 2.6, is located within the catchment of Edward Lake; 
however, it has not been in use for the last ~ 10 years (Tom & Betsy Murray, former 
owners, personal communication, May 30th, 2011). By ca. AD 1881, a major road, what is 
now known as Highway 124 Osprey Clearview Townline, had been built which runs 
through the catchment of Edward Lake. Subsequent anthropogenic impacts included fish 
stocking in the 1950s, with perch and small and largemouth bass by the Edwards (Tom & 
Betsy Murray, personal communication, May 30th, 2011). The Carmarthen Lake Farms 
owners tried stocking trout in the 1960s, however, it was unsuccessful because the water 
was not cold enough (Tom & Betsy Murray, personal communication, May 30th, 2011). 
Presently, winter wheat, canola and mixed grains are cultivated around the western, 
northern and southern areas of Edward Lake’s catchment (Tom & Betsy Murray, personal
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communication, June 1st, 2011). The eastern and southern side of the basin was reforested 




FIGURE 2.6: Aerial photograph of Edward Lake, AD 1966 (MNR, 1966). Red line 
outlines the surface water catchment (NRC, 2007).
Evidence from historical maps and land registry records indicate over 35 different 
settlers owned the land from 1860 to present day. Throughout this time, the name of the 
lake also changed, summarized in Table 2.2. Edward Lake has remained privately-owned 




Owners Lake Name Price Sold/Property 
Value at the time of 
Sell
1836- 1860 Edward Allen Walker Unknown Granted from the 
Crown
1860- 1863 W. Brown of Nottawa Nottawa Lake ~ $800.00
1863- 1880 ~ 10 different owners, 
different parts of the lot
Nottawa Lake N/A
1880- 1883 Archibald Ferguson Mattie Lake ~ $6 700.00
1883- 1918 ~25 different owners, 
different parts of the lot
Unknown N/A




Edward Lake Last registered on 
Land Registry:
1994: $ 10 000 000.00
June 2011 — 
present-day
Unknown Edward Lake Unknown
TABLE 2.2 Selected Owners of Edward Lake, Nottawasaga Township (Lot 21, 
Concession 12) (MGS, 2003)
2.2 North Pond, London Ontario
2.2.1 Lake and Watershed Properties
North Pond (Figure 2.7) is one of five urban kettle ponds situated in the 
Westminster Ponds/Pond Mills Environmentally Significant Area (ESA) in southeast 
London, Ontario (Tchir, 2005). North Pond is deep (21 m) and thermally stratifies in 
summer and winter (dimictic). North Pond has one inlet in the northeast comer which 
enters via a culvert from Summerside Wetland, located to the east of Highbury Avenue 
(Tchir, 2005). North Pond and South Pond are also interconnected by a surficial outlet in 
the south end of North Pond. Although there is very slow underground flow of water, the 
water level is predominantly governed by P-E and the groundwater table (Dreimanis, 
1970). Remaining lake and watershed properties are outlined in Table 1.1.
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FIGURE 2.7: Aerial view of North Pond (Google Earth Image, 201 l).Yellow dashed line 
represents changes to the surface water catchment due to urbanization (NRC, 2007; City 
of London, 2011).
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2.2.2 Geology and Physiography
Similar to Edward Lake, North Pond occupies three kettle depressions (Figure 
2.8) created by large ice blocks which were deposited by the retreating Laurentide ice 
sheet. North Pond is situated on the Ingersoll Moraine, an east-west ridge of stony soil 
and clayey tills which characterizes the surficial geology of the area (Tchir, 2005). The 
underlying bedrock geology is dominated by Paleozoic Devonian limestones, dolomites, 
and shales (Chapman & Putnam, 1984). Although North Pond, as well as the other kettle 
ponds, is a prominent feature of the ESA today, other glacial remnants characterize the 
physiography of the London area, such as spillways, peats, till moraines, sand plains and 
till plains (Chapman & Putnam, 1984). The Ingersoll moraine lies within a series of 
moraines known as the Mount Elgin Ridges which gives the region a rolling topography. 
The slopes surrounding North Pond are short, with the steepest at 22° along the northern 
side of the basin and much gentler slopes on the eastern and western sides of the 
catchment.
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FIGURE 2.8: The bathymetry of North Pond including coring location (red star). 
Contour lines represent 4 m intervals beginning at 0 m along the shoreline. Image 
provided by Google Earth Images, 2011. Bathymetry was determined by a depth finder in 
the summer of 2009.
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2.2,3 Soil
The catchment of North Pond is comprised of loam soil categorized within the 
grey brown luvisol subgroup of the Luvisolic order (AAFC, 2010). Soils from this group 
occur typically under deciduous or mixed forest vegetation in areas of mild to humid 
climate. Luvisols have high fertility with a top soil horizon enriched with organic matter 
(Ah) and a lower soil horizon enriched with silicate clays (Bt) (Christopherson & Byrne, 
2009). The soils experience a mixture of illuviation-eluviation processes with the leaching 
of finer minerals and the deposition of organic matter and clays. Similar to Edward Lake, 
the parent material is morainal consisting of a mixture of stones, sand, silt and clay 
(AAFC, 2010).
2.2.4 Climate
The modem climate of North Pond is described as temperate with warm summers 
and mild winters as a result of the same shifting air masses outlined in section 1.2.5 
(Edwards et al., 1996). In London, observations from two weather stations (London: 1871 
-1891; South London: 1883 -  1932; London Airport: 1953 -  2010), approximately 10 
km from North Pond, were adjusted, homogenized and joined to create a continuous 
record of annual and seasonal air temperature (1895 -  2002) (Figure 2.9a - 2.9c) and 
precipitation (1884 -  2001) (Figure 2.10). The annual air temperature data (mean annual 
temperature: 7.7°C) showed an increasing trend, most notably from the late 1970s to 
present-day, similar to Edward Lake. The winter season (October to April) (Figure 2.9c) 
exerted more influence on mean annual air temperature (correlation coefficient = 0.956) 
over the growing season (April to October) (Figure 2.9a) (correlation coefficient = 0.877).
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The historical precipitation record is highly variable with increasing precipitation since 
approximately the mid-1960s to present-day (Figure 2.10).
London Mean Annual Air Temperature 1895-2001
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FIGURE 2.9b: Mean Monthly Air Temperature (°C) for growing season (April to 
October), London Ontario (Environment Canada, 2010).
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FIGURE 2.9c: Mean Monthly Temperature (°C) for winter season (October to April), 
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North Pond is situated in the Carolinian Floristic Zone/Southem Mixed Deciduous 
Forest region (UTRCA, 2010). This ecosystem occupies only one percent of Canada’s 
total land area, including the remaining southern tip of Ontario, but contains more species 
of flora and fauna than any other in Canada (UTRCA, 2010). With more than 500 rare 
species of plants and animals, the Carolinian Forest is considered an ecologically 
threatened area (Carolinian Canada, 2010). This forest region is characterized primarily 
by deciduous or broad-leaf trees such as black walnut (Juglans nigra), ash (Fraxinus), 
birch (Betula), chestnut (Castanea), hickory (Carya), oak (Quercus), maple (Acer) and 
beech (Fagus). Surrounding North Pond, there are no heavily wooded areas as a result of 
large-scale urbanization. Along the northwest border of North Pond is a small forest 
community dominated by maples and black walnuts (Tchir, 2005). Willows, ashes and 
maples are found scattered along the remainder of the perimeter. The majority of North 
Pond is surrounded by residential houses whose backyard lawns approach the edge of the 
pond. As a result, small and narrow shrub-like vegetation zones act as the only barrier 
between the manicured lawns and North Pond.
2.2.6 Historical Description of Land-Use 
Pre-European
Prior to European settlement, the area around North Pond was covered by a 
deciduous forest (Tchir, 2005) with similar tree species to that discussed in section 2.2.5. 
Archaeological artifacts that date to the late Archaic time period (2500 BC to 1000 BC) 
were found around Pond Mills (North Pond and South Pond combined) suggesting the 
Ponds were used by native peoples. The First Nation people would have been highly
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attracted to the Pond Mills area because of the easy access to water, a variety of foods and 
the suitable topography for settlement (Tchir, 2005).
1800 -  1860 European Settlement
The earliest reference of Europeans exploring North Pond is found in the 1793 
diary of the wife of the first Lieutenant Governor of Upper Canada, John Graves Simcoe 
(Hearn & Wake, 1970). The diary describes Pond Mills as the site where the crew 
camped overnight while on their way to the Forks of the Thames. Shortly after this visit, 
European settlement would have begun in the area, following similar procedures as 
discussed in section 1.2.5, because by AD 1817, the Westminster Township (the area 
around Pond Mills) had a population of 400 with two schools and two churches 
(Grainger, 2002) and by AD 1825 a blacksmith shop and a grist mill in the Dayus Creek 
ravine west of North Pond (Tchir, 2005). Therefore, the most rapid decline in forest cover 
around North Pond would have occurred during the first half of the 19th century (Tchir, 
2005). It is important to note, although the shorelines of North Pond were cleared and 
settled in the early 1800s, the remaining catchment would not have been completely 
cleared until the late 1830s to early 1840s.
1860 -  2011Post-European Settlement
Throughout the remainder of the 19th century and beginning of the 20th century, 
the land was used extensively for agriculture (Tchir, 2005). The soil was excellent for 
farming and the majority of North Pond’s catchment was cultivated. Between the late 
1960s and early 1970s the catchment became increasingly urbanized and agricultural 
practices slowly discontinued. In AD 1915, an inter-urban railway was constructed that 
ran adjacent to North Pond (still currently operated by CNR), followed by the
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construction of Highbury Avenue in AD 1963. Concerns were raised regarding the health 
of the ponds and in order to protect the ponds the area was designated as an 
Environmentally Significant Area (ESA) in AD 1988. Despite this, North Pond’s 
catchment was completely urbanized with residential subdivisions and major roads by ca. 
AD 1993. As the catchment became urbanized, storm sewers were used to drain surface 
runoff into Thompson Pond (a nearby pond which eventually drains to the Thames 
River), thereby changing the natural surface drainage patterns and size of the catchment 
from 2.2 km2 to 1.2 km2 (Figure 2.11).
Presently, the majority of North Pond is privately owned with the exception of a 
small portion in the southern basin which is owned by the UTRCA (Tchir, 2005). 
Residential houses surround North Pond and a narrow shrub-like buffer zone exists along 
the shorelines; several manicured lawns extend to the edge of the Pond. Along the eastern 
side of the basin, a wooden dock extends onto North Pond at an approximate length of 3 
m. As an ESA, UTRCA restricted public activities to the following: 1) hiking/walking, 2) 
snowshoeing, 3) cross country skiing, 4) nature interpretation, 5) picnicking in designated 
areas, 6) walking leashed dogs (stoop and scoop), 7) public fishing (under Provincial 
regulations) and 8) canoeing/kayaking. All other activities were considered unacceptable 
(Tchir, 2005).
Observations of the major changes within the catchment of North Pond were made 
from aerial photographs taken from AD 1955 to AD 2007, illustrated in Figures 2.12a to 
2.12f. Changes to the surface catchment over time due to increased urbanization are 
outlined in the photographs.
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F IG U R E  2.11: Aerial photography of London Ontario (MNR, 2007) with storm sewers 
(labelled in green) and their direction of flow (green arrows) (City of London, 2011). Red 
line represents natural, pre-disturbance surface water catchment (NRC, 2007); yellow 
dashed line represents present-day surface water catchment; the catchment size is reduced 
due to urbanization.
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FIGURE 2.12a: Aerial photography of North Pond, AD 1955 (MNR, 1955). Red line 







- Increase in residential 
housing
- Natural surface water 
catchment size is 
reduced
FIGURE 2.12b: Aerial photography of North Pond, AD 1971 (Energy Mines and 
Resources, 1971). Red line represents natural, pre-disturbance surface water catchment 
(NRC, 2007); yellow dashed line represents changes to the surface water catchment due 
to urbanization (City of London, 2011).
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- Higher lake levels 
Increase in residential 
housing 
Less vegetation 
Natural surface water 
catchment size is further 
reduced
FIGURE 2.12c: Aerial photography of North Pond, AD 1982 (MNR, 1982). Red line 
represents natural, pre-disturbance surface water catchment (NRC, 2007); yellow dashed 










size is further 
reduced
FIGURE 2.12d: Aerial photography of North Pond, AD 1993 (Champlain Air Survey, 
1993). Red line represents natural, pre-disturbance surface water catchment (NRC, 2007); 
yellow dashed line represents changes to the surface water catchment due to urbanization 
(City of London, 2011).
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Ice cover on the Pond 
Less vegetation 
Less agriculture east 
side of Highbury 
Avenue
FIGURE 2.12e: Aerial photograph of North Pond, AD 2001 (MNR, 2001). Red line 
represents natural, pre-disturbance surface water catchment (NRC, 2007); yellow dashed 





FIGURE 2.12f: Aerial photograph of North Pond, AD 2007 (MNR, 2007). Red line 
represents natural, pre-disturbance surface water catchment (NRC, 2007); yellow dashed 







Edward Lake (shallow and polymictic) and North Pond (deep and dimictic) were 
selected to compare the response between a shallow and deep lake to similar landscape 
change and recent warming. Although different in depth and mixing regime, Edward 
Lake and North Pond have similar underlying geology and both are deep enough (> 2 m) 
to minimize bioturbation and sediment mixing. Both lake catchments were deforested in 
the mid-1800s for European settlement, which was followed by agricultural 
intensification. They are located along a north south transect that spans a steep 
temperature gradient (McAndrews, 1981) and are situated near weather stations that have 
continuous meteorological data extending to the mid-1800s.
3.1.2 Sediment Core Collection and Extrusion
A Kajak-Brinkmann (KB) gravity corer (Glew et al., 2001) (Figure 3.1), with an 
internal core tube diameter of 6.0 cm, was used to collect a sediment core (coring depth 
44 cm) at Edward Lake on August 8 , 2009. A KB gravity corer was chosen because it 
can collect up to a 60 cm sediment core, which was assumed to include the timing of land 
clearance in southern Ontario (McAndrews, 1981). A KB gravity corer also ensures that 
the sediment-water interface is sampled intact (Glew et al., 2001). The sediment core was 
taken at the deepest part of the lake, the most appropriate coring site to collect a 
continuous, undisturbed, representative sediment record of the entire lake (Smol, 2008).
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A replicate sediment core was taken at the same location to verify that the changes in the 
sediment lithology observed in the first core occurred in the second core. Both sediment 
cores were extruded in the field using a vertical extruder (Glew, 1988) and sectioned at 
continuous 0.5 cm intervals. The sediment intervals were sectioned into Whirl-PakR bags 
and stored at 4°C until further processing.
A KB gravity corer (Glew et al., 2001) was used to collect sediment from 0 cm to 
53.5 cm at North Pond on February 10th 2009. These sediment samples were sectioned in 
the field at continuous 0.5 cm intervals into Whirl-PakR bags and stored at 4°C until 
further processing. A Livingstone piston sediment corer (Glew et ah, 2001) (Figure 3.2), 
with an internal core tube diameter of 5 cm, was used to collect a longer sediment core 
(coring depth 154 cm) than the KB gravity corer on February 10th, 2009. My M.Sc. thesis 
used sediment collected from the KB gravity corer (0 cm to 53.5 cm) and used sediment 
collected from the Livingstone piston corer (55 cm to 64 cm). A replicate Livingstone 
core was taken at the deepest part of the pond. Sediment between 55 cm and 154 cm was 
not sub-sectioned in the field; 55 cm to 154 cm remained intact in the core tube, wrapped 
in Glad WareR Cling Wrap and stored at 4°C until further processing. Approximately 1.5 
cm (from 53.5 cm to 55 cm) between the KB gravity corer and the Livingstone piston 
corer was lost during sediment collection.
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F IG U R E  3.1: General operation of a messenger-triggered gravity corer. (A) Corer 
lowered through water column; (B) corer enters the sediment and trigger is released from 
the surface; (C) trigger hits the corer and forms a seal; (D) corer is vertically removed to 
obtain sample (Glew et al., 2001; Smol, 2008).
F IG U R E  3.2: General operation of a Livingstone-piston corer. (A) Lowering; (B) 
sampling; (C) removing. (1) Core Tube; (2) Piston; (3) Drive Rods; (4) Piston Cable; (5) 
Locking Drive Head. Drive Rods are used to push the corer into the sediment, a cable 
held at the surface is used to keep the piston in place. (Glew et al., 2001; Smol, 2008)
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3.1.3 Water Collection
Epilimnetic water samples were collected in 1 L polyethylene bottles in Edward 
Lake and North Pond in August 2009 when temperatures were highest and algal growth 
was expected to be maximal. Each 1 L bottle was pre-rinsed four times with E-pure water 
(pre-treated with distillation followed by reverse osmosis) to minimize contamination. In 
the field, sample bottles were rinsed twice with lakewater and samples were collected at a 
depth of ~ 1 m below the water surface at approximately the deepest part of the lake. 
Bottles were filled and capped under water and sealed with electrical tape above water.
An additional water sample was collected using a Van Dorn water sampler (pre-rinsed 
twice with lake water) (Van Dorn, 1957) from the hypolimnion in North Pond (depth of ~ 
18 m). The hypolimnetic water sample was filled into 1 L polyethylene bottle, capped and 
sealed with electrical tape above water. All water samples were kept shaded and stored at 
4°C until further processing.
3.1.4 Limnological Variables
A multi-parameter Hydrolab DS5® was used to measure temperature (TEMP, °C), 
dissolved oxygen (DO, mg/L and %), pH (pH), salinity (SAL, ppt) and specific 
conductivity (SPCOND, pm) at Edward Lake and North Pond. From the deepest spot at 
both lake sites, the Hydrolab DS5® was slowly lowered into the water column where 
measurements were recorded at continuous 0.5 m intervals. The data was stored on an 
Archer Field PC and transferred onto a Microsoft Excel spreadsheet for further analysis. 
Secchi measurements were also taken as an indicator of water transparency. Secchi disk 
(size: 20 cm) was lowered into the water column until it disappeared, at which point the 
depth was recorded. Secchi disk was then slowly raised and the depth at which it
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reappeared was recorded. The Secchi depth, was reported as the average between the 
disappearance and reappearance. Lakewater colour (COLOUR) was recorded at Edward 
Lake and North Pond; however, the observations were subjective and affected by weather 
conditions and the time of day.
3.2 Water Chemistry Preparation and Analysis
Within 24 hours of water collection, lakewater samples were divided and prepared 
for various chemical analyses at the Lakes and Reservoir Systems (LARS) Research 
Facility following procedures by Environment Canada (1994) as outlined in Table 3.1. 
Water samples were sent to the Canadian Centre for Inland Waters (CCIW) in Burlington 
Ontario for analysis of major ions, trace metals, P, nutrients and chlorophyll a (Chl-a).
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Chemical Analysis Laboratory Preparation
Total Phosphorus (TP) -  Unfiltered Filled 125 ml glass bottle with lakewater. 
Sealed with polypropylene caps and 
wrapped in newspaper.
Total Phosphorus (TP) -  Filtered Filtered 125 ml of lakewater with cellulose 
acetate filter (4.7 cm) pore size 0.45 pm. 
Filled 125 ml glass bottle with filtered 
lakewater. Sealed bottle with electrical tape 
and wrapped in newspaper.
Nutrients Filtered 125 ml of lakewater with cellulose 
acetate filter (4.7 cm), pore size 0.45 pm. 
Filled 125 ml glass bottle with filtered 
lakewater. Sealed bottle with electrical tape 
and wrapped in newspaper.
Dissolved Organic Carbon (DOC)/ 
Dissolved Inorganic Carbon (DIC)
Filtered 125 ml of lakewater with cellulose 
acetate filter (4.7 cm), pore size 0.45 pm. 
Filled 125 ml glass bottle with filtered 
lakewater. Sealed bottle with electrical tape 
and wrapped in newspaper.
Major ions Filled 500 ml polyethylene bottle with 
lakewater. Sealed with polypropylene caps 
and electrical tape.
Chlorophyll a (Chl-a) Filtered 250 ml of lakewater with GF/C 
filters (4.7 cm). Using tweezers removed 
filter and placed in petri dish. Sealed with 
electrical tape and wrapped in aluminum 
foil.
TABLE 3.1: Laboratory procedures used to prepare lakewater samples for chemical 





One sediment core from both Edward Lake and North Pond were dated using 
lead-210 (210Pb), a radiometric dating technique used for depth-time scales over the past ~ 
150 years (Krisnaswami et al., 1971). Edward Lake was 2l0Pb-dated using gamma 
spectrometry techniques (Appleby, 2001) at the Paleoecological Environmental 
Assessment Research Laboratory (PEARL) at Queen’s University in Kingston Ontario. 
Approximately 1.0 g from 20 selected sediment samples (0.5 cm intervals) spanning the 
length of the core, were dried using a Vitrus® freeze dryer, ground to < 125 pm, placed in 
polypropylene test tubes and sealed with a septa and 2-Ton Epoxy. To ensure equilibrium 
between radium (226Ra) and bismuth (2l4Bi), test tubes were stored for at least two weeks 
prior to counting. Spectrometric measurements of radioactive decay of each sample was 
done using an EG&G Ortec® germanium (Gr) crystal wall detector. Using an Excel 
spreadsheet, 2ll)Pb data was prepared for a computer program [BINFORD] developed by 
Binford (1990) which calculates 2l0Pb dates (expressed as years AD) based on the 
constant rate of supply model (CRS) (assumes a constant rate of supply of unsupported 
2l0Pb to the sediments) (Appleby & Oldfield, 1978). The low-gamma counter technique is 
a convenient, cost-efficient and non-destructive method for providing accurate Pb 
dates.
North Pond was 210Pb-dated using alpha spectrometry techniques (Appleby, 2001) 
at MyCore Scientific Inc in Deep River, Ontario. Approximately 0.1 g of dry weight from 
20 selected sediment samples (0.5 cm intervals) spanning from 0 cm to a depth of 56 cm, 
were ground to < 125 pm, placed into pre-weighed 50 ml plastic centrifuge test tubes and
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sent to MyCore Scientific for analysis. Pb dates were determined from the radioactive 
decay of polonium ( Po), an alpha emitter that is detected using an alpha spectroscopy 
system.
Cesium-137 Rise
Cesium-137 ( Cs), a radioisotope released during atomic bomb testing that
^ 1  A
peaked in 1963-1964, was simultaneously dated with Pb during low-gamma counting 
spectrometric procedures. The 1963-1964 Cs peak was used to verify Pb dates 
(Pennington et al., 1973) at Edward Lake.
Ambrosia Rise
Sediment samples for pollen analysis were prepared following standard 
procedures (Berglund, 1986). Analysis of pollen in sediments reveals a record of 
vegetation change over time in response to landscape change. The Ambrosia rise is 
frequently used to aid in dating lake sediments because a rapid shift from deciduous forest 
to ragweed occurred followed European settlement (Kingston et ah, 1990; Smol, 2008). 
Approximately 0.5 cm of freeze-dried sediment from eight selected intervals between 35 
cm and 43.5 cm in Edward Lake, were placed into polypropylene centrifuge tubes. Each 
sample was treated with 15 ml of 10 % HC1 acid to remove carbonates, stirred, 
centrifuged, decanted and washed with Bamstead*EASYpure*RoDi Type 1 water (water 
undergone reverse osmosis, deionization and UV oxidation) three times for five minutes 
at 4 000 rpm. Approximately 20 ml of potassium hydroxide (KOH) were added to the 
samples to remove humic acid and placed in a hot water bath for five minutes to hasten 
the reaction. Samples were washed eight times until supernatant was clear. A 9:1 mixture 
of acetic anhydride: sulphuric acid was added to remove cellulose from sediment
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samples, as well as lightly staining pollen grains to aid in identification. Samples were 
placed in hot water bath for five minutes, stirred, centrifuged, decanted and washed. 
Approximately 25 ml of tertiary butyl alcohol was added and digested followed by adding 
1 - 2 drops of silica oil for preservation in capped glass vials. Approximately 1 - 2 drops 
of the slurry were added to a microscope slide, covered with a coverslip and semi­
permanently mounted using nail polish. A minimum of 300 pollen grains were 
enumerated and identified to genus level for three intervals (43 - 43.5 cm, 42 - 42.5 cm 
and 35 - 35.5 cm) using a Leica* E-600 light at 400x. The software program Tilia and 
Tilia*Graph was used to graph pollen percentages within the computer program TGView
2.02 (Grimm, 2004).
3.3.2 Paleolimnological Data 
Loss-On-Ignition
Approximately 1 cm3 of wet sediment at continuous 0.5 cm intervals from Edward 
Lake (extracted from WhirlPak® bags: 0 cm -  44 cm) and approximately 1 cm3 of wet 
sediment from North Pond (extracted from WhirlPak® bags: 0 cm -  53.5 cm; extracted 
from coring tube: 55 cm -  64 cm) were placed into pre-weighed ceramic crucibles for 
loss-on-ignition (LOI) analysis. The last processed sediment sample from North Pond was 
63.5 cm to 64 cm because land clearance has been previously shown to occur above that 
depth (McAndrews, 1981). Sediment samples were weighed and dried at 100°C for 24 
hours to evaporate all the water in the samples and then re-weighed and heated to 550°C 
for two hours to bum all organic matter (Dean, 1974). The difference between the 100°C 
dry weight and the 550°C dry weight represents the amount of organics that were burned
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off, expressed as a percentage of the dry weight (Dean, 1974). The following equation 
was used:
Chlorophyll a Analysis
The same sub-sampled intervals prepared for LOI were also prepared for 
chlorophyll a (chl-a) analysis. Visual-near infrared reflectance (VNIR) spectroscopy was 
used to infer chl-a concentrations based on the spectral signal of fossilized pigments in 
lake sediments (Michelutti et al., 2005; Wolfe et al., 2006; Michelutti et ah, 2010). VNIR 
is a rapid, relatively inexpensive and non-destructive procedure for measuring past lake 
primary production. The approach is widely applicable given that chl-a is the dominant 
algal pigment in most lake sediments (Wolfe et ah, 2006). Chl-a concentration values 
should not be affected by diagenesis because sediment chl-a inferences from reflectance 
spectroscopy includes both primary chl-a and its degradation products (Wolfe et ah, 
2006).
Sediment samples from Edward Lake and North Pond were freeze-dried, sieved (< 
125 pm) and placed in glass scintillation vials, enough to completely cover the bottom of 
the vial, at PEARL in Kingston Ontario. The reflectance spectra were obtained by 
running samples through a high quality, low noise Model 6500 series Rapid Content 
Analyzer (FOSS NIRSystems Inc.) over the visible-near infrared range of 400 -  2500 nm 
at two nm intervals. Through the base of the glass vial, each sample was scanned an 
average of 32 times which took about one minute per sample. To reconstruct sedimentary 
concentrations of chi -a and its derivatives, the region of interest in the absorbance curve
Dry W eight (g) (100°C)- Dry W eight (g) (550°C) 
Dry W eight (g ) (100°C)
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is a peak found between 650 nm and 700 nm. The area of this peak is strongly correlated 
(r2 = 0.72, Michelutti et al., 2005) with the concentration of chl-a and its derivatives 
quantified by reverse-phase high-performance liquid chromatography (HPLC). 
Sedimentary concentrations of chl-a and its related compounds were reconstructed using 
linear regression against several spectral indices which capture the peak in absorbance 
near 675 nm. From this linear relationship, sediment chl-u concentrations can be 
calculated using the following equation:
Chi-a+  derivatives =
[0.0919 * peak area  (650 — 700 nm) -I- 0.0011]
Chl-a as a percent of organics and chi-a flux were calculated for Edward Lake and 
North Pond to determine if changes in concentration were reflecting real changes in chl-n 
versus changes in inorganic inputs and sedimentation. Chi-a as a percent of organics and 
chi-a flux were calculated using the following equations:
% Chl-3 Organics (% wrt organics) =
( ( / Chlorophyll a concentration (jng /g  dry w t)\ * Dry W eight (g) j ^1000 J
V
Organic W eight (g )
/
* 100
Chl-aflux (m g/m 2/yr) =
[Chla concentration (jn g /g  dry  w eight) * Sedim entation Rate (g /m A2)/y r)]
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Diatom Sample Preparation & Analysis
Sediment samples from Edward Lake and North Pond were prepared for diatom 
analysis following standard procedures outlined by Battarbee et al. (2001).
Approximately 0.1 g of freeze-dried sediment from continuous, 1.0 cm intervals (up to a 
depth of 44 cm at Edward Lake; 64 cm at North Pond) were treated with approximately 
15 ml of 10 % hydrochloric acid (HC1) to remove calcium carbonate. Samples were left 
for 24 hours and subsequently aspirated and washed using E-pure water (repeated twice). 
A 50:50 molar weight mixture of concentrated sulphuric (H2 SO4 ) and nitric (NHO3 ) acids 
was added to remove organic matter and isolate the siliceous material. After 24 hours, the 
samples were mixed thoroughly and placed in a hot water bath (~ 85°C) for two hours, 
stirring once after one hour, to increase the rate of reaction. Upon removal, samples were 
stirred and allowed to cool and settle for 24 hours. Samples were then aspirated to remove 
the acid and washed with E-pure water until neutralized (pH = 7) (approximately 9 - 11  
times). The siliceous slurries were then used to make microscope slides for diatom 
analysis. Coverslips were rinsed using ethyl alcohol, wiped with Kimwipes® and placed 
on a slide warmer. Approximately five to seven drops of digested sediment were added to 
a test tube and repeatedly diluted with E-pure water to create a series of four dilutions to 
achieve the appropriate concentration of diatoms for counting. The coverslips were left to 
evaporate on the slide warmer for 24 hours and subsequently heated slightly to ensure all 
the water was removed before they were permanently mounted on glass microscope slides 
using a drop of Naphrax® (a mounting medium with a high refractive index, R.I.=1.7).
At least 600 diatom valves (Pappas and Stoermer, 1996) were identified and 
enumerated to species level along a minimum of one half of one horizontal transect across 
each slide under oil immersion (lOOOx magnification) using a Leica51 E-600 light
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microscope equipped with Nomarksi DIC optics. Every 1.0 cm interval was counted in 
Edward Lake and North Pond, however, the last countable interval in North Pond was 59 
- 59.5 cm because Chrysophycean cysts became too abundant, and therefore, counts of 
600 diatom valves could not be achieved. Diatom identification to the lowest taxonomic 
level possible (species or variety) was based primarily on Krammer and Lange-Bertalot 
(1986, 1988, 1991a,b). Chrysophecean cysts were also counted, but not identified during 
diatom enumeration. The ratio of Chrysophycean cysts to fossilized diatom frustules 
(C:D) can be useful for inferring trophic status in temperate lakes (Smol, 1985) using the 
following equation:
C: D Ratio
(Chrysophecean cysts  * 100)
/ ( Chrysophecean cysts  + Diatom va lves)\
V 2 )
Photographs were taken of all dominant taxa using a Retiqua® black and white 
digital camera (Appendix F).
3.4 Data Analysis and Presentation
In order to better understand changes in diatom assemblages through time, 
stratigraphic profiles were created for the sediment cores from Edward Lake and North 
Pond using Tilia and Tilia*Graph functions within the computer program TGView 2.02 
(Grimm, 2004). Only diatom species present at greater than or equal to 1 % abundance 
and in at least three intervals were included in the graph. Diatom species were grouped as 
planktonic (free floating) or benthic (living on and in the sediments) and a plot was 
created of the planktonic to benthic (P/B) ratio calculated from the following equation:
K Total number o f  planktonics \------ ;--------------7-j------------;—  * 100Total num ber o f  diatom valves/
In this study, I will be referring to planktonic diatom species as those that spend 
their entire life cycle in the open water column and benthic diatom species as those that 
live in association with the substratum. Similar definitions can be found in other 
paleolimnological work such as Wetzel (2001), Kasim and Mukai (2006) and Smol 
(2008).
Stratigraphically constrained incremental sum of squares (CONISS) cluster 
analysis, available in TGView 2.02, was used to assign major zones of similar diatom 
assemblages. Four zones in Edward Lake and North Pond were delineated based on visual 
inspection with guidance from the largest shifts in diatom community compositions 
determined through cluster analysis.
In order to simplify the diatom species data, ordinations were performed on 
diatom species from each core using the computer program CANOCO version 4.5 for 
Windows (ter Braak & Smilauer, 2002). Detrended Correspondence Analysis (DCA) was 
performed, detrended-by-segments, to check the gradient lengths of each of the first two 
axes. Gradient lengths, expressed in standard deviation (SD) units of species turnover (ter 
Braak & Smilauer, 2002), are used to determine whether the species response is unimodal 
or linear along the ordination axes. The gradient lengths of both Edward Lake and North 
Pond were < 2.0, therefore, Principle Components Analysis (PCA) was performed, an 
indirect gradient analysis technique that assumes a linear response. PCA was performed 
to examine relationships between diatom species data by evaluating the major patterns of
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variation. All species data were square-root transformed to ensure each species is 
weighted equally and results were centered by species.
PC A sample scores from axes 1 (PCI) and 2 (PC2) were plotted against Pb- 
years and against long-term (~107 years in London; ~113 years in Wiarton) adjusted and 
homogenized records of instrumental air temperature, provided by Environment Canada 
(2010), to determine whether diatom community compositions were responding to 
changes in temperature. In order to match the temporal resolutions of the paleo-diatom 
records, the temperature records from Wiarton and London were smoothed with a 
deviation from a 5-year running mean. Chl-a as a percent of total organics was also 
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Limnological data was recorded at Edward Lake on August 6 2009 and May 17 
2011 (Appendix A). Edward Lake is polymictic (mixes continuously) because in both 
spring and summer, temperature (TEMP) and dissolved oxygen (DO) are constant 
throughout the water column. The pH, salinity (SAL) and specific conductivity 
(SPCOND) values are also consistent between the epilimnion and the hypolimnion 
providing further evidence that Edward Lake does not stratify. This is not surprising 
considering the shallow depth (max depth of 5 m) and relatively large surface area (29.4 
ha). This lake is an alkaline (pH = > 7), freshwater system (SAL = < 5 ppt). Edward Lake 
is characterized by low (< 1 m) Secchi depth and a brownish water colour, which may be 
caused by one of two factors. First owing to the relatively shallow nature of the lake, 
there could be some wind-induced sediment re-suspension. Although this seems unlikely 
given the lake area to depth and forested catchment, property owners at this site said that 
they had observed sediments in the littoral area during increased winds. Secondly, 
because Edward Lake is relatively productive (chl-a = 8.2 pg/L; Appendix D) the low 
Secchi could be due to relatively high concentrations of algae in the water. Low Secchi 
depth can also be related to high dissolved organic carbon (DOC) (Wetzel, 2001), but 
DOC values at Edward Lake are relatively low (4.2 mg/L; Appendix D) (Wetzel, 2001).
At North Pond, the limnological data was measured on December 6th 2009, April 
12th 2010 and July 7th 2010 (Appendix A). In contrast to Edward Lake, North Pond is 
dimictic (i.e., the pond thermally stratifies in summer and winter and mixes in fall and
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spring). The relatively deep basin (~ 21 m) of North Pond could result in this site 
becoming meromictic (i.e., does not undergo complete circulation). The year-round, low 
hypolimnetic oxygen concentrations (Appendix A) are suggestive of a meromictic lake; 
however, variables related to salinity (ionic concentrations and specific conductivity) 
show little difference between the hypolimnion and epilimnion, indicating that mixing 
must occur (Appendix A) (Wetzel, 2001). The TEMP values in the summer ranged from a 
surface TEMP of 27.3°C compared to a hypolimnetic TEMP of 3.3°C. DO values ranged 
from 10.5 mg/L at the surface to a nearly anoxic hypolimnion (DO = 0.1 mg/L). The pH 
values decrease with depth due to decreasing productivity and temperature. Secchi depth 
was recorded as 3.4 m indicating more transparent water than Edward Lake, which is 
expected because North Pond is too deep for sediment resuspension and less productive 
(chl-a = 2.4 pg/L, Appendix D). By early winter, TEMP, pH, SAL and SPCOND were 
constant throughout the water column indicating that North Pond overturned in late 
November or early December (Appendix A). Unfortunately, DO (mg/L and %) values 
were unavailable for this time period due to an equipment malfunction. Secchi depth (2.5 
m) was shallower than the summer measurement most likely due to turnover. During 
turnover, nutrients from the bottom can mix with oxygen from the surface, leading to an 
increase in plankton (especially diatom) biomass and a decrease in Secchi transparency. 
By April, North Pond had begun to thermally stratify with an epilimnetic TEMP of
11.1 °C compared to 3.1°C in the hypolimnion. DO values were lower (0.2 mg/L) in the 
hypolimnion compared to the epilimnion (11.4 mg/L). Throughout the water column, pH 
values decreased with depth, SAL remained constant and SPCOND increased with depth. 
North Pond is an alkaline (pH = > 7), freshwater pond (SAL = < 5 ppt).
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TEMP and DO plots (Appendix B), spanning April to November 2010, illustrate 
the onset and strengthening of thermal stratification beginning in early spring through to 
early November. The limnological data recorded on December 6th 2009 was used in 
Appendix A to show that North Pond experiences fall turnover, however, it was not 
plotted in Appendix B due to the lack of DO data. The oxygen content of the hypolimnion 
is rapidly depleted classifying the profiles as clinograde (anaerobic hypolimnion)
(Wetzel, 2001). As a result, the depth of the thermocline (the layer of maximum 
temperature change) (Smol, 2008) gradually steepens as thermal stratification strengthens 
throughout the summer and into the fall (Appendix B and C).
4.2 Water Chemistry
Water chemistry results for Edward Lake and North Pond are summarized in 
Appendix D. In Edward Lake and North Pond, epilimnetic total phosphorus, unfiltered, 
(TP, UF) was ~ 14 pg/L, classifying both lakes as meso-eutrophic (Wetzel, 2001). TP 
values in the hypolimnion of North Pond were ~ 29x greater than in the epilimnion 
because of an increase in P inputs from the sediment controlled by redox conditions 
during thermal stratification (Smol, 2008). Based on the Redfield ratio, which indicates a 
lake is P-limited if the nitrogen to phosphorus (N:P) ratio is greater than 16:1, P is the 
limiting factor controlling phytoplankton growth in Edward Lake and North Pond with a 
N:P ratio of 39:1 and 49:1, respectively (Wetzel, 2001). The hypolimnion of North Pond, 
however, is N limited (13:1) due to a higher total nitrogen (TN) value (5215 pg/L). It is 
not uncommon to have epilimnetic N:P ratios that are higher than those of the 
hypolimnion; usually related to higher P use by algae in the epilimnion in relation to total 
inputs or supply (Wetzel, 2001).
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It may be expected that DOC would be higher in a shallow lake (Edward Lake) 
than a deep lake (North Pond) because of greater littoral habitat which is ideal for the 
growth of submerged macrophytes (Werner & Smol, 2005). However, DOC was lower in 
Edward Lake (4.2 mg/L) than North Pond (epilimnion 9.6 mg/L; hypolimnion 8.9 mg/L). 
Higher DOC values at North Pond may be related to the presence of small wetland 
marshes within its catchment (Tchir, 2005) as well as higher amounts of submerged 
aquatic plants (Wetzel, 2001). Epilimnetic DIC was similar in North Pond (30.4 mg/L) 
and Edward Lake (32.8 mg/L) due to similar underlying geology. The slightly higher 
values in the hypolimnion of North Pond (47.4 mg/L) are likely related to anoxic 
conditions (Wetzel, 2001).
Variables related to salinity, such as chlorine (Cl), sulphate (SO4), calcium (Ca), 
magnesium (Mg), sodium (Na) and potassium (K) were generally higher in North Pond 
than Edward Lake most likely from an increase in recent urbanization within the 
catchment of North Pond. Specifically, Na and Cl are more than lOx more concentrated in 
North Pond than Edward Lake probably due to road salt, which is commonly used as a 
de-icing agent on Canadian roadways (Health Canada, 2011). Thermal stratification and 
an anoxic hypolimnion explain the greater concentration of Na and Ca in the hypolimnion 
relative to the epilimnion in North Pond in late summer.
Mg and K are less concentrated in North Pond than Edward Lake, presumably 
from Mg and K utilization by algal populations and submerged macrophytes (Wetzel, 
2001). Edward Lake lacks aquatic vegetation most likely due to low transparency, which 
limits light penetration and photosynthesis.
High silica (Si02) levels during spring turnover can lead to diatom dominance in 
dimictic lakes (Werner & Smol, 2005), whereas low epilimnetic Si02 levels (below 0.5
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mg/L), such as in Edward Lake, can lead to decreases in diatom abundance (Wetzel,
2001; Werner & Smol, 2005). Hypolimnetic SiC>2 at North Pond (7.22 mg/L) occurred in 
greater concentrations than in the epilimnion of North Pond (0.41 mg/L), most likely due 
to the utilization of SiC>2 by diatoms (Wetzel, 2001).
Chi-a values indicate that Edward Lake (8.2 pg/L; Appendix D) is meso-eutrophic 
(Wetzel, 2001) consistent with the classification based on TP measurements. However, 
chl-a values (2.4 pg/L and 5.2 pg/L; Appendix D) classify North Pond as oligotrophic to 
mesotrophic (Wetzel, 2001), whereas TP concentrations showed that North Pond is meso- 
eutrophic.
4.3 Sediment Description
Several sedimentological changes were observed in the cores retrieved from 
Edward Lake and North Pond, illustrated in Figure 4.1. In Edward Lake, the top 0 - 2 3  
cm of the core consisted of light, brown-grey, silty organics; from 23 cm to 37 cm the 
sediments gradually changed to brown organics; and from 37 cm to 44 cm the sediments 
changed to dark brown organics, which included numerous vegetational remains 
including small pieces of leaves and macrophyte roots.
In North Pond, the top 0 -  14 cm of the core consisted of dark brown organics 
with laminated white bands (~ 2 mm thick), followed by light brown organics from 14 cm 
to 50 cm; and from 50 cm to 59 cm a gradual change into dark brown organics.
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Dark Brown Laminated Organics
Light Brown Organics
Dark Browi Organics 
North Pond
60J
FIGURE 4.1: Description of sediment changes in the sediment cores collected from 
Edward Lake (on the left) and North Pond (on the right).
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4.4 Chronological Control
Historical records show that land clearance by Europeans in southwestern Ontario, 
occurred between ca. AD 1836 and AD 1853 at Edward Lake. Dating of sediments reveals 
that this time interval is represented by sediments between ~ 42 cm and 40.5 cm. At 
North Pond, historical records show land clearance occurred between ca. AD 1815 and AD 
1845 represented by sediments between ~ 58.75 cm and ~ 55.75 cm.
4.4.1 Radiometric Dating
2,0p b
In Edward Lake, the 2l0Pb activity (Becquerel = disintegrations per minute) profile 
(Figure 4.2) did not follow the characteristic exponential decline curve (Figure 4.3) 
downcore (Binford, 1990). In an ideal exponential decline curve, supported 2l0Pb activity 
(i.e., background activity levels) can be estimated by observing the depth at which the 
210Pb curve approaches the 2l4Bi curve (Binford, 1990). In Edward Lake, 2l0Pb activity 
did not decrease to average 2l4Bi levels (Figure 4.2). Therefore, to determine 2l0Pb 
background levels, an exponential curve (an approximation of the exponential decay of 
210Pb) was fitted to the 210Pb activity profile. The equation of this curve, y = 93.87e'°182x 
(r2 = 0.6139) was used to calculate the depth (y) at which background levels would be 
reached, using the average 214Bi activity from all the intervals as (x). According to this 
equation, background 210Pb would be reached at 69.6 cm, and thus the sediment core of 
Edward Lake (coring depth 44 cm) was not long enough to reach background levels. In 
order to obtain more accurate 2I0Pb dates the average supported 210Pb activity (i.e., 
average 2l4Bi from all intervals) was used to calculate the unsupported 2l0Pb activity 
(dpm/g). The depth-age plot (Figure 4.4) is estimated to represent the last ca. AD 195 
years (44 cm = ca. AD 1814) and includes pre-European settlement. Estimated CRS dates
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indicated that from ca. AD 2009 to ca. AD 1928 the 0.5 cm core intervals approached an 
annual to biennial temporal resolution, whereas the 0.5 cm intervals representing ca. AD 
1928 to AD 1814 varied from three years to six years.
137Cs can be used as a chronological marker of nuclear fallout with a peak in 
activity associated with an increase in atomic bomb testing. In Edward Lake, the 1963 - 
1964 l37Cs peak could be used to cross-validate 2l0Pb dates. In Edward Lake, however, 
the l37Cs peak (Figure 4.2) was not clear, likely due to post-depositional mobility, a 
problem in many types of sediment, especially those with high organic matter content 
(Smol, 2008). Post-depositional mobility usually results in a ‘tail’ of Cs which extends 




FIGURE 4.2 :2l0Pb, 2l4Bi, 137Cs radiometric activity (Becquerel/g dry weight) profile 
scaled by depth (cm) of Edward Lake.
FIGURE 4.3: An idealized 2l0Pb, 2l4Bi, 137Cs radiometric activity (dpm/g dry weight) 





4 -  
6 
8 -  
10 -  
12 -  
14 -  
16 -  
18 
20 -  
22 -  
24 -  
26 
28 
30 -  
32 -  
34 -  
36 -  
38 -  
40 
42 -  
44 -
Pb-210 Activity Age
Bq/g dry wt Year
2 10FIGURE 4.4: Pb radiometric activity (Becquerel/g dry weight) and age (years) scaled 
by depth (cm) profiles for Edward Lake. Dates below 38 cm, the last 2,0Pb dated interval, 
were extrapolated.
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The radiometric activity profile for North Pond (Figure 4.5) showed an overall 
exponential decline in Pb activity (Bq/g dry weight) (Becquerel = disintegrations per 
minute) down core (Binford, 1990). Sample intervals 17.5 cm to 18 cm, 12.5 cm to 13 cm 
and 0.5 cm to 0 cm lie slightly off of the characteristic exponential curve. It is possible 
that the interval between 12 cm and 18 cm represents a slumping event, although it is 
difficult to imagine this occurring given the relatively flat bottom at the coring site 
(Figure 2.8). A decrease in the 2l0Pb (Bq/g) in the top-most sample (0 to 0.5 cm) is most 
likely from submitting a lower amount of dry sediment due to high water content in the 
upper-most intervals. Extrapolation of the resulting 210Pb chronology indicates that the 
sediment core represents the last ~ 256 years (depth of 64 cm) and includes pre-European 
settlement. Estimated CRS dates indicated that since ca. AD 1938 the 0.5 cm core 
intervals approached an annual to biennial temporal resolution, whereas the 0.5 cm 
intervals representing ca. AD 1753 to AD 1871 varied from five years to seven years.
The dating errors are much lower at Edward Lake (Figure 4.4) than North Pond 
(Figure 4.5) because of the different counting techniques. The dating technique used at 
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FIGURE 4 .5 :210Pb radiometric activity (Becquerel/g dry weight) and age (years) scaled





Owing to uncertainties with the 2l0Pb and l37Cs dating at Edward Lake, I used 
pollen to try to improve the chronology for this site. The rapid shift from a deciduous 
forest to ragweed (.Ambrosia rise) can be used as a chronological marker for the time of 
European settlement (~ AD 1836 to AD 1853 at Edward Lake). In southern Ontario 
widespread deforestation resulted in a sharp increase in the abundance of Ambrosia pollen 
in sediments from 0 % (McAndrews, 1981) to as much as 50 % (Smol, 1982; Duthie et 
al., 1996). In Edward Lake, Ambrosia pollen accounted for 16 % of all pollen grains in 
the lowest interval (43 cm to 43.5 cm) and 32 % between 42 cm and 42.5 cm (Figure 4.6), 
suggesting that these intervals were deposited after land clearance. Based on previous 
coarse temporal-resolution (> 10 cm) palynological studies conducted in southern Ontario 
(Mott & Farley-Gill, 1978; McAndrews, 1981; Szeicz & MacDonald, 1990; Duthie et al.,
1990), it would be expected that Ambrosia pollen would be near 0 % values prior to 
deforestation. 2l0Pb dates for the intervals for pollen analyses were ca. AD 1821 and ca.
AD 1833, respectively. Although it is possible that the pollen record shows that land 
clearance occurred earlier in the core, subsequent analyses, such as the percentage 
organics and diatom data, shows that this is unlikely. According to the 2l0Pb dates, at the 
timing of land clearance, a large and rapid change occurs in the percentage organics and 
diatom community composition suggesting the high abundance of Ambrosia pollen 
during this period may be reflecting a regional pollen source. Previous literature has 
indicated that Ambrosia grains can be carried from the catchment by wind from regions 
deforested earlier, rather than strictly pollen grains within the catchment (Bradbury, 1975; 
Stach et al., 2007).
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FIGURE 4.6: Pollen stratigraphy from Edward Lake scaled by depth (cm) showing the 
abundances of all pollen taxa present in Edward Lake for three intervals: 43-43 .5  cm, 42 
-  42.5 cm and 35 -  35.5 cm.
4.5 Loss-On-Ignition
At the timing of European land clearance, both Edward Lake and North Pond 
showed a rapid decrease in percentage organics (Figure 4.7). At Edward Lake the 
percentage organics decreased from 44.4 % (~ 43.5 cm) at ca. AD 1821 to 14.9 % (~ 36.0 
cm) at ca. AD 1907. Similarly, in North Pond percentage organics decreased from 77.7 % 
(~ 60.75 cm) at ca. AD 1782 to 29.1 % (~ 53.75 cm) at ca. AD 1871. Subsequently, the 
percentage of organics in the sediment remained stable to the present at both Edward 
Lake and North Pond.
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FIGURE 4.7: Percentage organics profile scaled against depth (cm) and age (years) from Edward Lake and North Pond. The 
timing of European land clearance is labelled based on historical documents.
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4.6 Inferred Chl-a
Inferred chl-a concentrations, chl-a as a percent of total organics, chl-a flux and 
sedimentation rate were plotted against depth (cm) and Pb dates (secondary y-axis) for 
both Edward Lake and North Pond (Figure 4.8 and 4.9). Chl-a as a percent of total 
organics was plotted in Edward Lake (Figure 4.8) and in North Pond (Figure 4.9) to 
eliminate any diluting effect resulting from changes in inorganic inputs and sedimentation 
rate.
4.6.1 Edward Lake
At the timing of European land clearance, inferred chl-a concentrations showed a 
rapid decrease from 0.054 mg/g dry sediment in ca. AD 1814 (~ 43.75 cm) to 0.018 mg/g 
dry sediment in ca. AD 1910 (~ 35.75 cm). Inferred chl-a concentrations increase to 0.022 
mg/g dry sediment by ca. AD 1979 (~ 13.75 cm), followed by a rapid increase to present- 
day.
Beginning in ca. AD 1888, the sedimentation rate increased from 86.7 g/m /yr (~ 
37.75 cm) to 702.5 g/m /yr (~ 29.75 cm). Subsequently, the sedimentation rate showed no 
directional shift to present-day. It would be expected that the sedimentation rate would 
increase at the same time as land clearance; however, the increase occurs ~ 40 years later. 
Determination of sedimentation rates is dependent on the accuracy of the core dating. 
Unfortunately, dates below 38 cm are extrapolated based on continued exponential decay 
of 2l0Pb, so sedimentation rates below this interval may be inaccurate. Because inferred 
chl-a concentrations were proportionally small relative to the high sediment 
accumulation, chl-a flux tracked similar trends to the sedimentation rate (Figure 4.8).
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Although neither the inferred chl-a organics (% with respect to organics) nor the 
chi-a flux showed the rapid decrease between ca. AD 1814 and AD 1910, caution should 
be used when interpreting the chl-a flux because it is dependent on the accuracy of the 
sedimentation values. The chi-a as a percentage of total organics, however, indicated that 
the decrease in chl-a concentration is not real and is most likely the result of an increase 
in inorganic sediments that dilutes the concentration of chl-a. In general, chl-a 
concentrations and chl-a as a percent of total organics increased from the base of the core 
to the top indicating a gradual increase in chl-a over time.
4.6.2 North Pond
At the timing of land clearance, inferred chl-a concentrations decrease rapidly 
from 0.091 mg/g dry sediment to 0.039 mg/g dry sediment between ca. AD 1812 (~ 58.75 
cm) and ca. AD 1865 (~ 54.25 cm). Similar to Edward Lake, the large decrease is not 
evident in the chl-a as a percent of total organics or chl-a flux suggesting the increase in 
chl-a is not real and that chl-a concentrations decreased owing to a dilution by an increase 
in inorganic deposition and increased sedimentation rates. Chl-a concentrations remained 
relatively stable until ca. AD 1961 (~ 29.75 cm) at which point inferred chl-a 
concentrations showed an increasing trend throughout the remainder of the core. As 
discussed for Edward Lake, the chl-a flux trends are the same as those for the 
sedimentation rates due to the low concentrations of chl-a.
A rapid increase in the sedimentation rate between ca. AD 1997 (~ 15.25 cm) and 
ca. AD 2000 (~ 10.25 cm) may be related to a large influx of sediments due to increased 
urbanization; however, the catchment of North Pond was fully developed by ca. AD 1993, 
illustrated in the aerial photographs (Figures 2.12d and 2.12e). The sedimentation rate
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may, therefore, be tracking a more localized change within the lake or catchment, 
although no specific event or series of events is evident at this time. In ca. AD 2003, 
sedimentation rate begins to decrease to present-day levels. Tree planting along the 
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A total of 228 diatom taxa were identified and enumerated from Edward Lake and 
North Pond. A total of 84 of these taxa occurred in a minimum of three samples and with 
a relative abundance of > 1 % (Appendix E); of these, 58 occurred in Edward Lake 
(Figure 4.10) and 61 occurred in North Pond (Figure 4.11). Diatom photomicrographs of 
common diatom taxa identified in Edward Lake and North Pond are presented in 
Appendix F. The P:B diatom ratio was plotted to infer changes in diatom habitat 
availability or nutrient availability (Wolin & Duthie, 1990). In both Edward Lake (Figure 
4.12) and North Pond (Figure 4.13), changes in the P:B ratio correspond with changes in 
the diatom stratigraphy.
In Edward Lake, the PCA eigenvalues (Table 4.1) were A,i = 0.301, X2 = 0.199, X,3 
= 0.071, X4  = 0.048. PCA axes one (PCI) and two (PC2) accounted for 50.0 % of the 
cumulative variance of species data; all four axes accounted for 61.9 % (Table 4.1). 
Therefore, only the first two axes were considered further. In North Pond, the eigenvalues 
for the PCA were Xi = 0.334, \ 2= 0.161, X3 = 0.08, X4  = 0.050. Therefore, similar to 
Edward Lake, only PCI and PC2 were considered further because the total cumulative % 
variance in the species data was 63.2 %, of which 49.5 % is explained by the first two 
axes (Table 4.1). In both Edward Lake and North Pond, Chrysophecean cysts were 
plotted as supplementary data in order to show their relationship to the other species 
while not influencing the position of the ordination axes.
PCA summarizes the major patterns of variation in diatom species data arranged 
along PCA ordination axes (Figures 4.14 and 4.15). Each species is represented by a 
numbered arrow (numbers correspond to species names defined in Appendix E); arrows 
that have small angles between them are positively correlated, arrows plotted in opposite
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directions are negatively correlated and arrows plotted at right angles are uncorrelated (ter 
Braak & Smilauer, 2002). The influence of a given species on the position of an axis is 
similarly related to the angle between the axis and the arrow, but also on the length of the 
arrow. So, long arrows with small angles to an axis have a greater influence on the 
position of the axis. PCA sample ordination plots show the relationship between sample 
intervals over time; the closer samples plot together the more similar they are in terms of 
diatom species composition (Figures 4.16 and 4.17) (ter Braak & Smilauer, 2002).
PCI PC2 PC3 PC4
Edward
Lake
Eigenvalues 0.301 0.199 0.071 0.048
Cumulative 
% variance of 
species data
30.1 50.0 59.1 61.9
North Pond Eigenvalues 0.334 0.161 0.08 0.050
Cumulative 
% variance of 
species data
33.4 49.5 58.2 63.2
TABLE 4.1: Principle Components Analysis (PCA) eigenvalues and cumulative % 
variance of species data for axes one (PCI), two (PC2), three (PC3) and four (PC4) for 
Edward Lake and North Pond.
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FIGURE 4.10: Diatom stratigraphy scaled by depth showing relative abundance of taxa > 1 % and occurred in a minimum of 
three samples, C:D ratio, sediment lithology, CONISS cluster analysis and resultant zones for Edward Lake. Extrapolated 2l0Pb 
dates are denoted by (*).
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FIGURE 4.11: Diatom stratigraphy scaled by depth (with 2U,Pb years on secondary axis) showing relative abundance of taxa > 
1% and occurred in a minimum of three samples, C:D ratio, sediment lithology, CONISS cluster analysis and resultant zones 
for North Pond. Extrapolated 210Pb dates are denoted by (*).
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FIGURE 4.12: Planktonic to benthic diatom ratio plotted against depth (cm) for Edward 
Lake with zones ( ) delineated from CONISS cluster analysis and European land
clearance (—) based on historical documents (Hunter, 1998).
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FIGURE 4.13: Planktonic to benthic diatom ratio plotted against depth (cm) (secondary 
axis 2l0Pb dates) in North Pond including zones ( ) delineated from CONISS cluster
analysis and European land clearance (—) based on historical documents (Tchir, 2005).
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FIGURE 4.14: Principle Components Analysis (PCA) species ordination plot of Edward 
Lake. Numbers correspond to diatom species; diatom species codes are defined in 
Appendix E.
FIGURE 4.15: Principle Components Analysis (PCA) species ordination plot of North 
Pond. Numbers correspond to diatom species; diatom species codes are defined in 
Appendix E.
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FIGURE 4.16 Principle Components Analysis (PCA) samples ordination plot of Edward 
Lake. Each point refers to a sample and each number corresponds to the sample depth. 
Diamond, teal colour = Zone 1; Downwards triangle, purple colour = Zone 2; Cross, red 
colour = Zone 3; Circle, blue colour = Zone 4.
FIGURE 4.17: Principle Components Analysis (PCA) samples ordination plot of North 
Pond. Each point refers to a sample and each number corresponds to the sample depth. 
Diamond, teal colour = Zone 1; Circle, blue colour = Zone 2; Downwards triangle, purple 
colour = Zone 3, Cross, red colour = Zone 4.
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4.7.1 Edward Lake
Figure 4.10 presents the diatom stratigraphy showing the relative abundances of 
58 diatom taxa which occurred at > 1 % in a minimum of three samples, the C:D ratio, 
CONISS cluster analysis and resultant zones in Edward Lake. The zones, defined by 
CONISS cluster analysis and confirmed by PCA analysis, are: 1) Zone 1: 44 cm to 41.75 
cm, ca. AD 1814 to AD 1839; 2) Zone 2: 41.75 cm to 37 cm, ca. AD 1839 to AD 1895; 3) 
Zone 3: 37 to 23.5 cm, ca. AD 1895 to AD 1955; 4) Zone 4: 23.5 cm to 0 cm, ca. AD 1955 
to AD 2009.
1) Zone 1: 44 cm -  41.75 cm, ca. AD 1814 to AD 1839
Zone 1 is dominated by Cocconeis placentula var. lineate (16) (~ 12 %), C. 
placentula var. euglypta (~ 4.3 %) (17) and Achnanthes minutissima (5) (~ 12.2 %). 
These epiphytic diatom taxa are suggestive of a macrophyte-enriched lake ecosystem 
(Karst and Smol, 2000). Oligotrophic Eunotia arcus (25) and Gomphonema angustum 
(37), which indicate nutrient-poor waters, only appear in significant abundance in this 
zone, prior to European land clearance. Fragilaria brevistriata (26) (~ 9.2 %) and 
Fragilaria pinnata (35) (~ 7.1 %) also appear in high abundances. The percentage of 
planktonic diatoms is low (< 9 %). The C:D ratio is low (< 5 %) throughout the sediment 
record.
The PCA sample ordination plot (Figure 4.16) shows that samples from 44 cm to 
42 cm (ca. AD 1814 to ca. AD 1833) plot closely together in the upper left quadrant 
(diamond; teal colour) and apart from other samples suggesting that these fossil diatom 
assemblages are different from all other diatom assemblages.
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The epiphytic diatom taxa that characterize this zone are shown to be positively 
correlated to PC2 on the species ordination plot (5, 16, 17, 25, 37) (Figure 4.14). Of these, 
16, 17 and 25, as well as two other epiphytic diatoms, Gomphonema clevei (39) and 
Cymbella silesiaca (22) were important to determining the position of PC2.
2) Zone 2: 41.75 cm to 37 cm, ca. AD 1839 to AD 1895
Immediately following ca. AD 1839 (~ 41.75 cm) small, benthic F. brevistriata, 
Fragilaria construens var. venter and F. pinnata increase in abundance. The 
disappearance of oligotrophic E. arcus and G. angustum suggests a shift from a nutrient- 
poor to a nutrient-rich environment (Little et al., 2000; Smol, 2008). Also, the 
disappearance of epiphytic C. placentula taxa and decrease in A. minutissima indicates a 
reduction of aquatic macrophytes (Hall & Smol, 1999). At the same time, the appearance 
of Achnanthes conspicua and Denticula kuetzingii indicates increased levels of specific 
conductivity (Krammer & Lange-Bertalot, 1991) most likely reflecting greater 
concentrations of dissolved-solids. The increase in the abundances of Fragilaria nanana 
(TN optima = 422 pg/L) (Reavie & Smol, 2001) and Fragilaria tenera (TN optima = 465 
pg/L) (Reavie & Smol, 2001) in ca. AD 1882 indicates increases in TN (Reavie & Smol, 
2001) and increases in lake turbidity (Kienel & Kumke, 2002; Tingstad et al, 2010).
Samples between 41 cm and 37 cm (ca. AD 1845 and ca. AD 1895) (purple; 
downwards triangle) are in transition between zone 1 and 3 (36 cm to 23 cm; ca. AD 1907 
to AD 1956) (cross; red colour), and show a shift mainly downwards along axis PC2 
(Figure 4.16), which indicates increasing abundances of diatoms negatively correlated to 
PC2, including F. nanana (34), Aulacoseira ambigua (14), Cyclotella michiginianna (18), 
Navicula vitabunda (51) and Achnanthes ziegleri (10) (Figure 4.14). Of these taxa, three
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(14, 18 and 51) appear for the first time. Three of these are planktonic diatoms, and 
reflect the trend of increasing abundances of planktonic diatoms. N. vitabunda favour 
greater concentrations of nutrients (TN optimum = 55 pg/L; TP optimum = 21 pg/L) 
(Reavie & Smol, 2001). PC2 is interpreted to represent macrophyte abundance and 
changing allocation of nutrients between the littoral and open waters. This is supported by 
the trends shown in the P:B ratio (Figure 4.12); between ca. AD 1882 and AD 1919, the 
percentage of planktonic diatoms increase from ~ 17.4 % to ~ 33.7 % tracking the shift 
from a lake dominated by epiphytic, benthic diatoms to planktonic diatoms.
3) Zone 3: 37 cm -  23.5 cm, ca. AD 1895 to AD 1955
Zone 3 is differentiated from zone 2 by an increase in the abundances of eutrophic 
Stephanodiscus minutulus/parvus (from ~ 0.1 % to ~ 23.0 %), F. nanana (from ~ 1.0 % to 
~ 14.9 %) and F. tenera (from ~ 0.8 % to ~ 5.5 %). These are all diatoms that require 
greater concentrations of N and P (Reavie & Smol, 2001). Oligotrophic Amphora 
pediculus decreases, whereas the relative abundances of A. minutissima, F. brevistriata 
and F. pinnata remain high and stable throughout zone 3.
In the PCA sample ordination plot (Figure 4.16), zone 3 (36 cm to 23 cm; ca. AD 
1907 to AD 1956) (cross; red colour) samples cluster around the positive side of PCI. In 
the PCA species ordination plot (Figure 4.14), eutrophic S. minutulus/parvus (55, 56) 
(average TP optimum = 21.5 pg/L) (Reavie & Smol, 2001) are positively correlated to 
PCI whereas oligotrophic A. pediculus (3) (TP optimum =18 pg/L) and meso- 
oligotrophic Cyclotella pseudo stelliger a (TP optimum = 13 pg/L) (19) (Reavie & Smol, 
2001) are negatively correlated to PCI. The position of PCI is also determined by 
oligotrophic Gomphonema micropus (40) and Amphora veneta (13) which are negatively
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correlated to PCI and favour nutrient-poor water (Little et al., 2000). This suggests that 
PC 1 is tracking changes in nutrient concentrations, specifically TP, because Edward Lake 
is P limited.
4) Zone 4: 37 cm to 0 cm, ca. AD 1955 to AD 2009
Zone 4 is characterized by a gradual disappearance of the more eutrophic S. 
minutulus/parvus, and an increase in the relative abundances of planktonic, meso- 
oligotrophic Cyclotella michiginianna and C. pseudostelligera and benthic, oligotrophic 
A. ziegleri and Navicula kuelbeii. This change, as well as the reappearance of Cocconeis 
taxa, which were present in zone 1, is suggestive of a return to more oligotrophic, pre­
disturbance conditions. However, an increase in the heavily silicified meso-eutrophic A. 
ambigua (TP optima = 16 pg/L), which is a tychoplanktonic diatom (i.e., its true habitat is 
in the benthic area but it becomes re-suspended into the water column) (Battarbee et al., 
2001), shows that Edward Lake is likely more eutrophic than in zone 1, where this diatom 
is absent. The relative abundances of F. nanana, A. minutissima, F. brevistriata and F. 
pinnata remain high and stable throughout zone 4. A return to pre-disturbance diatom 
assemblages is also suggested by the P:B ratio (Figure 4.14).
In zone 4, samples 22 cm to 1 cm (ca. AD 1959 to AD 2009) (circle; blue colour) 
(Figure 4.16), are clustered in the lower left quadrant and show a clear shift along PCI 
from the right to the left, suggesting a reduction in TP.
4.7.2 North Pond
Figure 4.11 presents the diatom stratigraphy showing the abundances of 61 diatom 
taxa, which occurred in a minimum of three samples in amounts > 1 %, the C:D ratio, 
CONISS cluster analysis and resultant zones in North Pond. The diatom stratigraphy has
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been classified into 4 zones; zones 1, 2 and 4 delineated by cluster analysis (CONISS) 
and the 3rd zone delineated as a subzone in CONISS. The zones are defined as: 1) Zone 1: 
59 cm to 55 cm, ca. AD 1806 to AD 1853; 2) Zone 2: 55 cm to 22.5 cm, ca. AD 1853 to AD 
1977; 3) Zone 3: 22.5 cm to 14 cm, ca. AD 1977 to AD 1998; 4) Zone 4: 14 cm to 0 cm, 
ca. AD 1998 to AD 2009. These zones are supported by the PCA analysis.
1) Zone 1: 59 cm to 55 cm, ca. AD 1806 to AD 1853
Zone 1 has a high C:D ratio, which reaches its greatest value (~ 82%) for the 
entire record in ca. AD 1818, indicating North Pond was oligotrophic. Oligotrophic C. 
pseudostelligera (17) and C. bodanica (13) (Stoermer et al., 1985) also occur in high 
abundances supporting nutrient-poor waters (Smol, 1985). High abundances of benthic, 
epiphytic C. placentula var. lineate (11) and A. conspicua (1) taxa suggest macrophyte 
growth, which further supports clear-oligotrophic conditions. Oligotrophic Tabellaría 
flocculosa (62), Eunotia bilunaris (25), Eunotia bilunaris var. linearis (26), Eunotia 
formica (27) and C. bodanica var. lemanica (14) typically thrive in lower pH (< 7) (Little 
et al., 2000) suggesting that North Pond may have been slightly acidic. All of the above- 
mentioned diatom taxa are only found in high abundances in this zone. The percentage of 
planktonic diatoms gradually increases from 31.3 % in ca. AD 1806 (~ 59 cm) to 69.8 % 
in ca. AD 1853 (~ 55 cm).
The PCA sample ordination plot (Figure 4.17) show samples between 59 cm and 
57 cm are clustered closely together in the upper left quadrant (diamond; teal colour) 
distant to other groups, suggesting zone 1 diatom assemblages are different than any other 
diatom community composition throughout the sediment core.
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The oligotrophic taxa are positively correlated to PC2 species ordination plot (11, 
13, 25, 62) (Figure 4.15) and were important in determining the position of PC2 
suggesting that PC2 is tracking changes in nutrient concentrations.
2) Zone 2: 55 cm to 22.5 cm, ca. AD 1853 to AD 1977
Zone 2 is differentiated from zone 1 by a continued decrease in the C:D ratio; 
from ~ 82 % in ca. AD 1818 (zone 1) to ~ 7.5 % in ca. AD 1865. Zone 2 is also delineated 
by a decrease in oligotrophic diatom taxa, which are replaced by planktonic eutrophic S. 
minutulus/parvus (from ~ 6.7 % to ~ 75.3 %) suggesting a shift to nutrient-rich water 
(Hall & Smol, 1999; Reavie & Smol, 2001). Eutrophic Fragilaria capucina appeared for 
the first time further supporting increased eutrophic conditions (Stoermer et al., 1985). 
The appearance of Aulacoseira subarctica suggests increased lake turbidity (Bradbury et 
al., 2004).
In the PCA sample ordination plot (Figure. 4.17), sample 56 cm is in transition to 
samples between 55 cm and 24 cm (circle; blue colour) which are closely clustered 
together in the lower left quadrant. The downward shift along PC2 indicates an increase 
in the relative abundances of S. minutulus/parvus (59, 60), the only diatoms negatively 
correlated to PC2 in the PCA species ordination plot (Figure 4.15). The dominance of 
eutrophic S. minutulus/parvus, good competitors for P (Reavie & Smol, 2001), indicate 
that PC2 represents P. Similar to Edward Lake, North Pond is P limited. The P:B ratio 
further supports the shift from oligotrophic, benthic diatom taxa to eutrophic, planktonic 
diatom taxa, as the percentage of planktonic diatoms reaches its highest amount (~ 87 %) 
in zone 2 (Figure 4.13).
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3) Zone 3: 22.5 cm to 14 cm, ca. AD 1977 to AD 1998
Zone 3 is characterized by a increase in the C:D ratio (from ~ 6.7 % to ~ 33.0 %) 
and concurrent decrease in the relative abundances of eutrophic S. minutulus/parvus, 
suggesting a period of lower productivity. The abundances of thinly silicified Asterionella 
formosa, Diatoma tenue and F. capucina increases, whereas heavily silicified A. 
subarctica decreases indicating lower Si availability or lake turbulence (Tilman et al., 
1982). The percentage of planktonic diatoms decreases, varying between 52.3 % and 80.9 
%.
The PCA sample ordination plot (Figure 4.17) shows samples 22 cm to 15 cm 
(downwards triangle; purple colour) shifting upwards along PC2, indicating a reduction in 
TP.
4) Zone 4: 14 cm to 0 cm, ca. AD 1998 to 2009
Zone 4 is differentiated from all of the previous zones by a rapid increase in the 
relative abundance of small, fast growing planktonic C. ocellata (from ~ 0 % to ~ 42.5 %) 
in conjunction with the near disappearance of heavily silicified A. subarctica. This 
change may be related to stronger thermal stratification (Riihland et al., 2008; Ruhland et 
al., 2010). Oligotrophic C. pseudostelligera decreased suggesting a return to higher 
nutrient concentrations supported by a much lower C:D ratio (~ 33.0 % to ~ 0.5 %) and a 
return to lower percentages of planktonic diatoms shown in the P:B ratio plot (Figure 
4.12). An increase in the relative abundances of A. formosa, D. tenue, F. nanana and F. 
capucina occurred most notably from ca. AD 2004 to AD 2009.
Samples between 14 cm to 1 cm are clustered and separated from previous 
samples to the far right, along PCI (Figure 4.17).
95
PCA species ordination plot (Figure 4.15) shows that A. formosa (7), D. tenue 
(22) and F. capucina (29) are positively correlated to PC 1, however, C. ocellata (16) is 
most important in determining the position of PCI. A. subarctica (8), C. pseudostelligera 
(17), Nitzschia palea (56), A. minutissima var. minutissima (5) and F. tenera (40) are 
negatively correlated to PCI. Of these, A. subarctica (8) is most important in determining 
the position of PC 1. A. subarctica requires mixing to remain in the photic zone, and 
therefore, its presence suggests a shorter period of thermal stratification or increased 
mixing. Planktonic C. ocellata (16) lives at the base of the thermocline and increases with 
stronger stratification (Winder et al., 2009). This suggests that PCI is tracking changes in 
the strength and duration of thermal stratification.
4.8 Simplification of Diatom Data
In order to simplify diatom data to single variables to determine when the main 
species compositional changes occurred and to allow for easier comparisons to other 
proxies, the sample scores for the first two principal components were plotted downcore 
(Figures 4.17 and 4.18).
4.8.1 Edward Lake
In Edward Lake, PC 1 represents TP and PC2 indicates changes from a 
macrophyte-dominated, clear-water state to a planktonic-dominated, turbid-water state. 
PCI sample scores are more positive (i.e. greater amounts of P) between ca. AD 1895 and 
AD 1955 (zone 3) than during either zone 1, 2 or 4. PC2 sample scores decrease between 
ca. AD 1814 and AD 1895 (zones 1 and 2) reflecting the shift from epiphytic to planktonic 
diatoms and remained stable between ca. AD 1895 to AD 2009 (zones 3 and 4).
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4.8.2 North Pond
In North Pond, PCI represents the strength and duration of thermal stratification 
and PC2 corresponds to TP. PCI sample scores show a gradual increasing trend from ca. 
AD 1853 to ca. AD 2009 (zone 4) reflecting strengthening of thermal stratification. PC2 
sample scores decrease during zone 1 and remained stable throughout much of zone 2. In 
ca. AD 1960 PCA sample scores increases followed by a return to levels similar to zone 2 
(ca. AD 1998 and AD 2009).
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FIGURE 4.18: Principle Components Analysis (PCA) axes one (PCI) and two (PC2) 
scaled by depth including zones delineated by CONISS cluster analysis and European 
land clearance based on historical documents for Edward Lake. PCI represents TP; PC2 
represents macrophyte abundance.
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FIGURE 4.19: Principle Components Analysis (PCA) axes one (PCI) and two (PC2) 
scaled by depth (secondary axis 2l0Pb dates) including zones delineated by CONISS 
cluster analysis and European land clearance based on historical documents for North 




5.1 Lake Sediment Representation of Land Clearance by Europeans in Southern 
Ontario
Based on historical documents, land clearance for agriculture at Edward Lake 
occurred sometime between ca. AD 1836 and AD 1853 and based on dating of sediments 
at Edward Lake this is represented by sediments between ~ 42 cm and ~ 40.5 cm (Table 
5.1). At North Pond, some clearance would have occurred along the shores of the lake 
with the establishment of Pond Mills in the early 1800s (see section 2.2.6); however, the 
rest of the catchment would not have been cleared until closer to ca. AD 1840. The 1840s 
at North Pond are represented by sediments deposited between ~ 56.25 cm and ~ 55.75 
cm (Table 5.1). In both lakes, marked changes in sediment properties, representing the 
terrestrial (percent of organics) and aquatic (chi-a and diatoms) systems, occur coincident 
with land clearance. The approximate depth at which these changes occur is nearly 
synchronous with the boundary between diatom zones 1 and 2 (Table 5.1). To discuss the 
changes that occurred with European settlement, three specific periods will be examined:
1) Pre-European Settlement (or pre-disturbance; Zone 1)
2) Land Clearance (or disturbance transition; Zones 2 and 3)
3) Post-Land Clearance (or recovery and new stable state; Zones 3 and 4)
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Edward Lake North Pond
Timing of Land Clearance 
Based on Historical 
Documents
circa AD 1836-1853 circa AD 1815-1845
Sediment Depth of Land 
Clearance Based on 
Radiometric Dates
~ 42 cm to ~ 40.5 cm
[ca. AD 1836 ± 1.07 yrs to 
ca. AD 1853 ± 1.07 yrs]
~ 58.75 cm to ~ 55.75 cm
[ca. AD 1815 ± 44.93 yrs to 
ca. AD 1845 ± 44.93 yrs]
Sediment Lithology Below ~ 37 cm sediments 
are characterized by dark 
brown organics with 
vegetational remains 
(leaves and roots); above 
sediments are brown 
organics
Below ~ 55 cm sediments 
are characterized by dark 
brown fibrous organics; 
above sediments are light 
brown organics
LOI ~ 43 cm ~ 61 cm
Chl-a ~ 43 cm ~ 58 cm
Diatoms ~ 42 cm ~ 55.5 cm
P:B Diatom Ratio ~ 40 cm ~ 55 cm
TABLE 5.1: Sediment depth representing land clearance and approximate lowermost 
depths after which changes in lake sediment properties occur coincident with land 
clearance in Edward Lake and North Pond. (*) indicates extrapolated Pb dates.
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5.2 Pre-European Settlement (Diatom Zone 1, Pre-Disturbance Zone)
Based on historical documents, prior to European settlement, Edward Lake and 
North Pond were surrounded by forested catchments (Ontario Department of Lands and 
Forests, year unavailable; Tchir, 2005; Figure 1.1). This interpretation is supported by the 
high percentage of organics in the lake sediments and abundance of macrophyte roots 
found in the basal sediments sampled at Edward Lake. A stable and mature forested 
ecosystem reduces runoff of nutrients (P, N) and particulate matter (Smol, 1983; 
Bradshaw et al., 2005; Keatley, 2011) providing an ideal environment for oligotrophic 
diatom taxa.
5.2.1 Edward Lake
In zone 1, Edward Lake had high abundances of oligotrophic, benthic and 
epiphytic diatom taxa indicating a clear, nutrient-poor environment. Lakewater 
transparency controls the extent of habitats capable of supporting benthic diatom 
communities (Battarbee et al., 2001; Smol, 2008). With deep light penetration, higher 
numbers of benthic macrophytes can grow, in turn increasing the abundance of epiphytic 
diatoms. A higher abundance of benthic diatoms in Edward Lake (> 95 %) compared to 
North Pond (~ 70 %), shown by the P:B ratio (Figures 4.12 and 4.13), is to be expected, 
as the shallow depth of Edward Lake provides a greater area where the photic zone 
includes the sediment bottom. Lake systems rich in epiphytic diatoms prior to European 
settlement are well-documented in paleolimnological research (Agbeti et al., 1997; Karst 
and Smol, 2005; Werner et al., 2005). Within zone 1, inferred chl-a concentrations were 
on average ~ 0.05 mg/g dry weight, which are similar to averages found in oligotrophic
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lakes in the Arctic and slightly lower than pre-disturbance levels at Lake 226 in the 
Experimental Lakes Area of northwestern Ontario (Michelutti et al., 2010).
5.2.2 North Pond
Prior to European land clearance (zone 1), North Pond was dominated by a high 
C:D ratio indicative of nutrient-poor water (Smol, 1985). High abundances of 
oligotrophic, benthic and epiphytic diatom taxa in North Pond at this time were most 
likely due to a deeper light penetration. The P:B ratio shows the greater percentage of 
benthic diatoms relative to planktonic diatoms (Figure 4.13). Several of the oligotrophic 
taxa (Tabellaria flocculosa, Eunotia taxa and Cyclotella bodanica var. lemanica) have 
also been found in slightly acidic waters (Little et ah, 2000), suggesting expanded 
adjacent wetlands or bog-like habitats prior to European settlement (Hayward, 1957; 
Patrick, 1977). The basal sediments are dark brown, “peaty”, organics similar to 
sediments expected in bog environments (Warner, 2005). High percentage organics 
(Figure 4.7) also support the presence of a bog-like environment around the lake. Inferred 
chi-a concentration, prior to European settlement (zone 1) was on average ~ 0.08 mg/g 
dry weight, a concentration greater than the maximum chl-a values in eutrophic lakes in 
the Arctic, but similar to pre-disturbance levels at Lake 226 (Michelutti et ah, 2010).
5.3 European Settlement: Land Clearance and Agricultural Development (Diatom 
Zone 2 and 3: Disturbance Transition Zone)
European land clearance and subsequent agricultural practices have had profound 
impacts on the lake ecosystems of Edward Lake and North Pond. The shift from forest to 
agricultural land in the catchments of these lakes resulted in a large increase in the supply 
of the inorganic sediments to the lakes (Figure 4.7). The resulting unvegetated catchments
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were more prone to erosion and runoff (Rybak & Dickman, 1988; Smol, 2008). The rapid 
influx of sediment and nutrients (P, N) from the terrestrial ecosystem caused slight 
increases in algal productivity as evident by increases in chi -a as a percent of total 
organics (Figures 4.8 and 4.9).
5.3.1 Edward Lake
At Edward Lake, the disappearance of oligotrophic, benthic and epiphytic taxa, 
immediately following ca. AD 1858 (~ 40.25 cm), indicates that submerged macrophytes 
declined dramatically. Elevated lake productivity resulting from runoff and the onset of 
European agriculture most likely caused Edward Lake to become more turbid, restricting 
benthic aquatic macrophyte growth through light limitation (Stoermer & Smol, 1999; 
Karst & Smol, 2000). The appearance of Fragilaria nanana and Fragilaria tenera, which 
favour higher concentrations of TP and TN (Reavie & Smol, 2001), provides evidence of 
increased nutrient loading from the deforested catchment to the lake (Likens & Bormann, 
1974). Small benthic Fragilaria taxa, including F. brevistriata and F. pinnata, also 
increase at land clearance and remain at greater abundances throughout the remainder of 
the lake history. These taxa provide further evidence of nutrient increases as they have 
been associated with greater concentrations of TP and TN (Reavie & Smol, 2001).
In ca. AD 1888 (~ 38 cm; zone 3), the appearance of planktonic, eutrophic 
Stephanodiscus minutulus/parvus (TP optima = 21 pg/L) (Reavie & Smol, 2001) 
indicates a further increase of nutrients to the lake, probably due to intensified agriculture 
within the catchment. The large shift in the P:B ratio (Figure 4.12) shows a clear change 
from a benthic-dominated system to a planktonic system.
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5.3.2 North Pond
At North Pond, the diatom assemblages responded immediately to the results of 
human activity in the catchment. European land clearance led to the dominance of 
planktonic, eutrophic S. minutulus/parvus beginning in ca. AD 1841. The P:B ratio (Figure 
4.13) also shows a rapid shift to a planktonic-dominated ecosystem. The quick succession 
to eutrophic S. minutulus/parvus and increase in Fragilaria capucina indicates increased 
nutrients resulting from the onset of European agriculture. Land clearance of the 
catchment would also have led to decreased vegetation cover and resulted in greater 
turbulence in the lake, providing an environment ideal for heavily silicified A. subarctica 
(Karst & Smol, 2000). Changes in the sediment lithology from dark brown, fibrous 
organics to light brown organics at ~ 55 cm coincide with shifts in the diatom 
assemblages (Figure 4.1; Table 5.1).
The C:D ratio showed a decrease from ~ 82 % to ~ 7.5 % between ca. AD 1830 
and AD 1853 indicating a rapid shift from nutrient-poor to nutrient-rich water (Smol, 
1985). In contrast, the C:D ratio remains low throughout the sediment core in Edward 
Lake and did not fluctuate substantially. Chrysophecean cysts are typically found in the 
open water (Zeeb & Smol, 2001), and therefore, the C:D ratio is a more useful 
paleoindicator for trophic status in deeper lakes with larger planktonic habitats (Smol, 
1985; Werner & Smol, 2005).
5.4 Post-European Settlement (Diatom Zone 3 and 4: Lake Recovery and New 
Stable State)
After European settlement, percentage organics (Figure 4.7) remained stable 
indicating a continuation of relatively high inputs of inorganics, due to erosion from
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continued agriculture at Edward Lake and urbanization at North Pond. Increases in chl-a 
concentrations and chl-a as a percent of total organics are evident in both lakes (Figures
4.8 and 4.9) showing a continual increase in algal production. Despite this, other evidence 
indicates that both lakes have demonstrated some return to pre-disturbance conditions.
5.4.1 Edward Lake
In Edward Lake, beginning in ca. AD 1955, the disappearance of planktonic, 
eutrophic S. minutulus/parvus and concurrent increase in more oligotrophic diatoms, such 
as Cyclotella michiginianna and Cyclotella pseudostelligera and benthic diatoms, such as 
Achnanthes ziegleri, Amphora pediculus and Navicula kuelbeii, indicate reduced nutrient 
concentrations presumably owing to reduced sedimentation rate from forest re-growth on 
the eastern and southern sides of the basin (Figure 2.2). Although nutrient levels are 
declining, mesotrophic Aulacoseira ambigua increases. A heavily-silicified diatom, such 
as A. ambigua, would, however, be more competitive with an increase in lakewater 
transparency and would be able to outcompete eutrophic Stephanodiscus taxa, with 
increased light penetration (Bradbury, 2000). A reduction in nutrient levels and 
productivity would have increased the availability of benthic habitat through deeper light 
penetration. This interpretation is supported by the P:B plot (Figure 4.12), which shows 
an increase in the percentage of benthic diatoms.
Although the most likely explanation for a return to pre-disturbance conditions is 
increased forest cover in the lake catchment, an alternative possibility is a change in the 
food web structure (Carpenter et al, 1985). Small and largemouth bass and perch were 
stocked in Edward Lake in the early 1950s, concomitant with the decrease in the most 
abundant planktonic diatom, S. minutulus/parvus. Small and largemouth bass are
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piscivores and will, therefore, primarily eat smaller fish or planktivores (e.g. minnows). 
As planktivores decrease, an increase in zooplankton occurs and in turn, phytoplankton, 
such as S. minutulus/parvus, would decrease (Carpenter et al., 1985; Agbeti 1997; Smol, 
2008). It is important to note, however, if perch (food source: zooplankton), became the 
dominant fish in Edward Lake the decrease in zooplankton would cause an increase in 
phytoplankton. Inferred chl-a concentrations and chi-a as a percent of total organics, 
proxies of algal productivity, should change in response to fish stocking; however, these 
variables show little change in the 1950s, and only show a rapid increase beginning in the 
late 1970s (Figure 4.8). Although there is no change in algal productivity concurrent with 
the onset of fish stocking, the decrease in S. minutulus/parvus could still be related to a 
change in nutrient availability or nutrient redistributions as a result of fish stocking 
(Schindler & Scheuerell, 2002). Further research is required to test this alternate 
possibility.
The PCA sample score ordination plot (Figure 5.1) further supports reduced 
nutrient concentrations in zone 4 (22 cm to 1 cm; circle, blue colour) because samples 
plot to the left along PCI. Based on the diatom ecology PCI indicates reduced TP (Figure
5.2). In fact, sample scores on PCI return to pre-disturbance TP values, illustrated in the 
downcore profile of PCI (Figure 4.18). However, Figure 5.1 shows that samples in zone 4 
differ from zone 1 owing to different sample scores on PC2. This indicates that although 
nutrient levels have decreased, there has not been a return to pre-disturbance conditions, 
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F IG U R E  5.1: Principle Components Analysis (PCA) sample ordination plot of Edward 
Lake showing diatom community composition changes due to land clearance. Each point 
refers to a sample and each number corresponds to the sample depth. Diamond, teal 
colour = Pre-disturbance; Downwards triangle, purple colour = Transition; Cross, red 
colour = Post-disturbance; Circle, blue colour = Recovery.
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FIGURE 5.2: Principle Components Analysis (PCA) species ordination plot of Edward 
Lake with labelled diatoms species and axes. Numbers correspond to diatom species; 
diatom species codes are defined in Appendix E. Red colour labels highlight those 
diatoms that are important in determining axis 1, TP; Green coloured labels highlight 
those diatoms that are important in determining axis 2, macrophyte abundance. 
Eigenvalues are displayed.
5.4.2 North Pond
In North Pond, beginning in ca. AD 1977, an increase in the C:D ratio (average 18 
%) concurrent with a decrease in eutrophic S. minutulus/parvus, suggests a period of 
reduced nutrients (Zone 3; Figure 4.10). The PCA sample score ordination plot (Figure
5.3) also tracks a recovery trend, evident by samples between 15 cm to 24 cm
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(downwards triangle; purple colour), which plot upwards along PC2 (tracking TP; Figure
5.4) towards pre-disturbance samples (59 cm to 57 cm; diamond, teal colour). In the mid- 
1960s, land-use began to shift from agricultural practices to residential development 
within the catchment of North Pond (Figures 2.12a and 2.12b). Previous literature has 
shown that urbanization can result in elevated productivity levels from an increase in 
nutrients and the use of road salt (Smol, 1983; Hall et al., 1997; Werner et al., 2005). 
However at North Pond, the diatoms indicate a reduction in nutrients suggesting recovery 
rather than further eutrophication. This is illustrated by the P:B ratio (Figure 4.13), which 
shows a return to values similar to pre-disturbance. As development began in the 
catchment, storm sewers were also built, which diverted nutrients and road salt away 
from North Pond. By changing the natural (pre-disturbance) surface drainage patterns, the 
surface catchment of North Pond was minimized (Figure 2.11), thereby reducing surface 
runoff. Sample scores on PC2 (Figure 4.19), which tracks TP concentrations, shows a 
shift to more positive values during zone 3, demonstrating a reduction in TP levels. 






FIGURE 5.3: Principle Components Analysis (PC A) sample ordination plot of North 
Pond showing diatom community composition changes due to land clearance. Each point 
refers to a sample and each number corresponds to the sample depth. Diamond, teal 
colour = Pre-disturbance; Circle, blue colour = Post-disturbance; Downwards triangle, 
purple colour = Recovery; Cross, red colour = New disturbance.
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FIGURE 5.4: Principle Components Analysis (PCA) species ordination plot of North 
Pond. Numbers correspond to diatom species; diatom species codes are defined in 
Appendix E. Red colour labels highlight those diatoms that are important in determining 
axis 1, Thermal Stratification; Green coloured labels highlight those diatoms that are 
important in determining axis 2, TP. Eigenvalues are displayed.
Beginning in the late 1990s, diatom community composition indicates a second 
major change (zone 4) which may be related to additional stressors. An increase in 
Cyclotella ocellata and decrease in Aulacoseira subarctica indicate a strengthening of 
thermal stratification in North Pond, which is supported by the development of laminated 
sediments at this time (Figures 4.1, 4.11). Increased thermal stratification reduces oxygen
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in the hypolimnion, and therefore bioturbation, which can result in the preservation of 
annual laminated sediments (Rybak & Dickman, 1988).
One possible explanation is that an increase in salinity from road salt (NaCl) may 
have caused North Pond to permanently stratify. In Little Round Lake in southeastern 
Ontario, Smol (1983) observed that the use of road salt led to this lake becoming 
chemically meromictic (i.e., permanent stratification). Although we know that North 
Pond is not meromictic today, it is characterized by near anoxic conditions year round 
(Appendix A and B). Meromixis or increased thermal stratification reduces heavily- 
silicified A. subarctica due to reduced lake turbulence (Rühland et al., 2008). Regardless 
of the installation of storm sewers that are diverting nutrients and road salt (Figure 2.11), 
North Pond continues to receive runoff from several local streets and main roads (Figure 
2.11). Modem water chemistry (Appendix D) provides further evidence of increased salt 
concentrations, as relatively high Na and Cl values are present in the epilimnion and 
hypolimnion of North Pond. The salt concentrations and de-icing procedures in the 
catchment of North Pond consist of a mixture of 90 % sand and 10 % salt used on local 
streets (residential streets) and a mixture of Na and Cl used on main roads (Highbury 
Avenue and Bradley Avenue) (John Parsons, division manager of transportation and 
roadside operations at the City of London, personal communication, June 22, 2011). 
However, according to J. Parsons, road salt was used as early as the 1980s on the major 
roads running through the catchment of North Pond (Highbury Avenue and Bradley 
Avenue) (personal communication, June 22, 2011), which predates the change observed 
at North Pond (ca. AD 1998).
A second, more probable explanation is related to recent increasing temperatures. 
Climate conditions, such as warmer temperatures or decreased effective moisture, could
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lead to a strengthening of the thermocline and a greater duration of stratification, which 
could eventually lead to meromixis (Moser et ah, 2002). Such climate trends are indicated 
in the climate data (Figure 2.9a). I will further explore the relationship between increasing 
temperatures and diatom community composition in section 5.6.
Evidence of increased thermal stratification in zone 4 (ca. AD 1998 to AD 2009) is 
illustrated in the PCA species ordination plot (Figure 5.4). The high abundances of C. 
ocellata as the only important diatom species controlling the position of PCI indicate 
increased thermal stability. In the PCA sample ordination plot (Figure 5.3), the cluster of 
samples in zone 4 (13 cm to 1 cm; cross, red colour), is unlike any other cluster 
throughout the sediment core and therefore, further supports a new restructuring of 
diatom community composition. Increasing temperatures, which indirectly controls the 
strength of thermal stratification, most likely triggered this recent (< 20 years) regime 
shift to a new alternative state different than at any other time throughout the past ~ 200 
years. Therefore, my analysis suggests that North Pond may have experienced two regime 
shifts: one triggered by European land clearance, and a second triggered by increasing 
temperatures.
114
5.5 Evidence of Alternative Stable States
5.5.1 Edward Lake
At the timing of European land clearance, Edward Lake experienced a rapid shift 
from oligotrophic clear-water to eutrophic, turbid-water evident by changes in the diatom 
community compositions. At Edward Lake, these changes eventually result in a new 
stable state (Figure 5.5).
According to the alternative stable state hypothesis for shallow lakes, aquatic 
vegetation acts to stabilize the clear-water state (Scheffer et al., 1993; Smol, 2008). For 
example, shallow, macrophyte-enriched Lake Opinicon in southeastern Ontario has 
remained in a clear-water state despite elevated nutrients from anthropogenic disturbances 
(Karst & Smol, 2000). In Edward Lake, however, nutrient enrichment from land 
clearance caused the lake to rapidly cross a critical threshold that caused the abrupt 
disappearance of aquatic macrophytes, evident by reduced epiphytic diatoms. Following 
European land clearance, Edward Lake displayed signs of recovery, which is expected as 
sedimentation rates eventually stabilize (Smol, 2008) and allochothonous particulate 
matter ‘settles’ reducing lake turbidity and increasing light penetration. The shift to lower 
nutrient concentrations resulted in the establishment of a new alternative state, which has 
remained stable since the mid-1950s, evident by the close clustering of samples between 
22 cm and 1 cm in the PCA sample ordination plot (Figure 5.6). Although some recovery 
is most likely the result of re-forestation and/or fish stocking, Edward Lake remains in a 
planktonic-dominated meso-eutrophic water state. These findings clearly support the 
alternative equilibria theory (Figure 5.5) (Scheffer et ah, 1993).
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FIGURE 5.5: Percentage planktonic relative to percentage benthic (P:B) diatom ratio 
plotted against depth (cm) with reference to alternative stable states in Edward Lake. 
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F IG U R E  5.6: Principle Components Analysis (PCA) sample ordination plot of Edward 
Lake showing shifts in states triggered from nutrient enrichment by European land 
clearance. Each point refers to a sample and each number corresponds to the sample 
depth. Diamond, teal colour = Stable State; Downwards triangle, purple colour = 
Unstable; Cross, red colour = Transition/Recovery; Circle, blue colour = New Stable 
State.
5.5.2 North Pond
North Pond also demonstrates a regime shift from an oligotrophic clear-water 
stable state to a eutrophic turbid-water stable state as a result of increased nutrients from 
European settlement. A rapid shift to a new stable state, at the timing of land clearance, is 
in contrast to the theory developed by Scheffer (1990), which suggests that a gradual 
change will occur as macrophytes gradually disappear with increasing nutrients in deep
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lakes. However, the rapid shift seen in the C:D ratio (Figure 4.11) and diatom 
assemblages in the downcore profile of PC2 (tracking TP) (Figure 4.19) suggests a fast, 
abrupt change, concomitant with European land clearance, supporting the theory by 
Carpenter (2003).
The P:B plot (Figure 5.7) suggests that North Pond is responding very differently 
from the alternate equilibrium hypothesis. These differences are also clearly illustrated in 
the PCA sample ordination plot (Figure 5.8). Following European land clearance, North 
Pond does not show any signs of recovery, and a new equilibrium (zone 2) is almost 
immediately established (Figure 5.7), which is in contrast to shallow, Edward Lake, 
where the change to a new equilibrium state is relatively slow. The data do, however, 
support Carpenter (2003) who suggested that a rapid shift was possible and related to 
internal cycling of P. Initial increases in nutrients may be sustained for long periods by 
internal cycling of nutrients (Bradbury et al., 2002), a hysteresis towards nutrient 
reduction (Carpenter, 2003).
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FIGURE 5.7: Percentage planktonic relative to percentage benthic (P:B) plot scaled 
against depth (cm) with reference to alternative stable states in North Pond. Bottom right 
image: Dearing, 1994; modified by Smol, 2008.
Eventually, North Pond appears to show signs of recovery, but not until the late 
1970s. The recovery, enhanced by the reduction of agricultural practices and the diversion 
of nutrients during residential development, is best illustrated in the PCA sample
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ordination plot (Figure 5.8), which clearly shows a shift towards pre-disturbance 
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F IG U R E  5.8: Principle Components Analysis (PCA) sample ordination plot of North 
Pond showing shifts in states triggered from nutrient enrichment by European land 
clearance. Each point refers to a sample and each number corresponds to the sample 
depth. Diamond, teal colour = Stable State 1; Circle, blue colour = Stable State 2; 
Downwards triangle, purple colour = Recovery; Cross, red colour = Stable State 3.
These results provide evidence of the importance of site specific conditions to 
implement appropriate lake management techniques. This research also highlights the 
importance of having long records (> 100 years) to determine baseline conditions and an
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understanding of a lake’s ecological stability. Prior to European settlement, these lakes 
were different from today (Figures 5.7 and 5.8), but human stressors have profoundly 
altered these lakes, which are now in new stable states. However, the PCA sample 
ordination plot (Figure 5.8) also shows that following ‘recovery’ there is an abrupt shift 
away from pre-disturbance conditions to a third stable state. Although the P:B ratio 
(Figure 5.7) suggests that this new stable state is similar to that established following land 
clearance, the PCA plot clearly indicates that this is a unique state. The PCA plot also 
indicates that this change is related to increased thermal stratification, which could result 
from road salt or climate change. Evidence from North Pond suggests that ecological 
thresholds have been crossed more than once in the last 150 years.
5.6 Paleolimnological Data Compared to Temperature Records
Global temperatures are increasing, although there is significant regional variation 
in the onset and rapidity of increases (IPCC, 2007). Instrumental climate data from 
weather stations in Wiarton and London Ontario show that summer air temperatures have 
begun to increase most notably since ca. AD 1970s (Figure 2.4b, 2.9b). Less certain, is 
how lakes and ponds in these regions will change in response to warmer air temperatures. 
Recent research shows, in the Northern Hemisphere, marked changes in diatom 
community composition in response to warmer air temperatures (Ruhland et al., 2008). 
Specifically these changes are characterized by an increase in Cyclotella species and a 
decrease in Aulacoseira species and benthic Fragilaria species, which are attributed to 
longer ice-free periods and increased thermal stratification strength and duration. In 
temperate lakes, such as Edward Lake and North Pond, it has been suggested that 
observing a temperature response will be difficult owing to the dramatic changes already
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caused by human activities, such as land clearance and agriculture (Smol, 2008); 
however, recent research by Rühland et al. (2008) indicates that despite being altered by 
anthropogenic activity, lakes have crossed climatically induced ecological thresholds.
5.6.1 Edward Lake
At Edward Lake, the PC A samples scores from PCI (TP) and PC2 (macrophyte 
abundance) show no relationship to the historical mean annual air temperature record 
(Figures 5.9 and 5.10). The diatom assemblages show no evidence of a 
Cyclotella/Aulacoseira transition. In shallow, polymictic temperate lakes, however, 
diatom community composition changes in response to increasing air temperatures may 
be very different compared to deeper lakes.
W iarton  M ean  A nnual T em p era tu re  (1897 - 2006) ag a in s t PCI S am ple  Scores 
Land C learance Included
Time (Year)
FIGURE 5.9: PCA samples scores from axis one (PCI; TP) at Edward Lake including 
land clearance (using interpolated 210Pb dates, extrapolated below ca. A D  1882) plotted 
against mean annual air temperature (deviation from 5-year running mean) from Wiarton, 
Ontario.
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FIGURE 5.10: PCA samples scores from axis two (PC2; macrophyte abundance) at 
Edward Lake including land clearance (using interpolated 2l0Pb dates, extrapolated below 
ca. AD 1882) plotted against mean annual air temperature (deviation from 5-year running 
mean) from Wiarton, Ontario.
In order to try and isolate the effects of temperature on diatom community 
composition, I removed samples from the pre-European and transition zones (1 and 2) 
and re-did the PCA analyses. Once the impact of land clearance was removed, PCI 
showed no relationship to mean annual air temperature (Figure 5.11). PC2, however, 
showed an inverse relationship to mean annual air temperature (Figure 5.12), which 
means low PCA sample scores are associated with diatoms that live in warmer waters. In 
order to determine which diatoms were most influenced by temperature, the PCA species 
ordination plot was made (Figure 5.13). Fragilaria construens var. venter (31) and A. 
minutissima (6) were positively and negatively, respectively, related with PC2. An 
increase in A. minutissima concomitant with a decrease in F. construens var. venter taxa 
have been shown to be associated with increasing temperatures in shallow Arctic lakes
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(Douglas et al., 1994; Antoniades et al., 2005; Lim et al., 2008). These studies suggest 
under warming conditions, limnological variables such as nutrients (TN), specific 
conductivity, and pH, increase as a reduction in the duration of ice cover allows for 
longer growing season and higher primary production (Keatley et al., 2006). Epiphytic A. 
minutissima is more competitive with higher primary productivity (increased plant and 
moss growth) and has a higher specific conductivity optimum (Moser et al., 2004) and 
TN optimum (Christie and Smol, 1993) compared to F. construens var. venter, which 
commonly dominates in deep, cold lakes (Douglas et al., 1994).
Given the near absence of comparable paleolimnological studies from other 
temperate shallow lakes, it is difficult to determine if these changes in diatom 
assemblages are occurring elsewhere. Nevertheless, there appears to be some degree of 
commonality between the response of diatom assemblages in shallow arctic lakes and 
shallow temperate lakes to warming temperature. However, the low eigenvalue of PC2, < 
0.1 (Figure 5.13) is statistically insignificant and does not explain very much in terms of 
diatom variance. Therefore, what appears to be a better relationship between mean annual 
air temperature and PC2 (Figure 5.12), should in fact be pursued with caution.
124
Wiarton Mean Annual Temperature ( 1897 - 2006) against PCI Sample Scores
Land Clearance Removed
1895 1915 1935 1955 1975 1995 2015
Time (Year)
FIGURE 5.11: PCA samples scores from axis one (PCI; TP) at Edward Lake with land 
clearance removed (using estimated 2l0Pb dates) plotted against mean annual air 
temperature (deviation from 5-year running mean) from Wiarton, Ontario.
W iarton M ean A nnual T em pera ture  (1897 - 2006) against PC2 Sam ple Scores 
Land C learance Rem oved
Time (Year)
FIGURE 5.12: PCA samples scores from axis two (PC2; macrophyte abundance) at 
Edward Lake with land clearance removed (using estimated 210Pb dates) plotted against 
mean annual air temperature (deviation from 5-year running mean) from Wiarton, 
Ontario.
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FIGURE 5.13: Principle Components Analysis (PCA) species ordination plot of Edward 
Lake including only samples from 0 cm to 37.25 cm. The numbers, corresponding to 
species, can be found in Appendix E.
5.6.2 North Pond
In North Pond, a sharp increase in C. ocellata concurrent with a decrease in A. 
subarctica occurred, beginning in ca. AD 1998 (Figure 4.11), is typical of results found at 
other Ontario sites beginning ca. AD 1970 (Rühland et al., 2008). The PCA species 
ordination plot (Figure 5.4) of North Pond suggests that this recent change is related to 
changes in thermal stratification, which is supported by the preservation of laminated 
sediments beginning in ca. AD 1998. This would only occur with prolonged anoxic 
bottom water conditions. Other research has documented that the onset of thermal 
stratification is now occurring earlier in dimictic lakes and contributing to a lengthening 
of the stratified period (Winder & Schindler, 2004).
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The PC A sample scores on PC 1, interpreted as the strength of thermal 
stratification and PC2, representing TP, were compared to air temperature (Figure 5.14 
and 5.15). Although air temperature is much more variable, sample scores on PCI appear 
to weakly track annual air temperature, with the strongest relationships occurring between 
ca. AD 1997 to AD 1999 and ca. AD 1942 to AD 1981 (Figure 5.14). This suggests a 
positive relationship between temperature and the strength and duration of thermal 
stratification. Annual air temperatures are related to winter air temperatures (Section 
2.2.4), and longer ice free seasons have been observed over the last 150 years (Riihland et 
al., 2008). Thus, there is a possible link between annual air temperature, duration of ice 
cover and thermal stratification. Similar to research by Riihland et al. (2008), this 
suggests that diatom community composition may be shifting due to reduced ice cover 
and the resulting earlier onset, duration and strength of thermal stratification. It is 
important to note, however, that the air temperature record ends in ca. AD 1999, whereas 
the shift in Cyclotella/Aulocoseira taxa begins in ca. AD 1998. Therefore, there is a need 
for further homogenized and adjusted instrumental climate data to verify whether diatom 
assemblages continue to track temperature changes to present-day.
PC2 (Figure 5.15) also shows a weak link to changes in air temperature, however, 
a better relationship appears to occur between ca. AD 1970 and ca. AD 1990. During this 
period TP is reduced. The timing of the change is closely related to zone 3, which begins 
in ca. AD 1977 and extends until ca. AD 1998. This period is characterized by a reduction 
in eutrophic S. minutulus/parvus concurrent with an increase in oligotrophic 
Chrysophecean cysts and Cyclotella taxa suggesting reduced nutrients levels. I am 
uncertain as to why PC2 tracks air temperature better through a period of reduced nutrient 
concentrations.
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London Mean Annual Temperature (1897 -1999) against PCI Sample Scores
Land Clearance Included1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
1820 1840 1860 1880 1900 1920 1940 1960 1980 2000Time (Year)
FIGURE 5.14: PCA samples scores from axis one (PCI; thermal stratification) at North 
Pond including land clearance (using interpolated 210Pb dates, extrapolated below ca. AD 
1847) plotted against mean annual air temperature (deviation from 5-year running mean) 
from London, Ontario.
London Mean Annual Temperature (1897 -1999) against PC2 Sample Scores 










FIGURE 5.15: PCA samples scores from axis two (PC2; TP) at North Pond including 
land clearance (using interpolated 210Pb dates, extrapolated below ca. AD 1847) plotted 
against mean annual air temperature (deviation from 5-year running mean) from London, 
Ontario.
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By removing samples from the pre-disturbance and transition zones to isolate 
temperature, there was little change in the results (Figure 5.16 and 5.17). The PCA biplot 
simplifies the diatom data to two variables, and in an attempt to show the relationship 
between all diatom data and air temperature, I have plotted the periods of good 
relationships, although still weak, with air temperature and PC 1, which represents thermal 
stratification, and PC2, which is inversely related to TP, on a single plot (Figure 5.18). 
However, 1 have no explanation at this time to explain why PCI stops and PC2 starts 
tracking air temperature between ca. AD 1970 and AD 1998. Without an explanation for 
this, the graph and suggested relationships shown in Figure 5.18 must be viewed with 
caution and considered speculative.
London Mean Annua! Temperature (1897 - 1999) against PCI Sample Scores 
Land Clearance Removed1895 1915 1935 1955 1975 1995 2015
1895 1915 1935 1955 1975 1995 201S
Time (Year)
FIGURE 5.16: PCA samples scores from axis one (PCI; thermal stratification) at North 
Pond with land clearance removed (using estimated 2l0Pb dates) plotted against mean 
annual air temperature (deviation from 5-year running mean) from London, Ontario.
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London Mean Annual Temperature (1897 - 1999) against PC2 Sample Scores
Land Clearance Removed1895 19151.5 PC2
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FIGURE 5.17: PCA samples scores from axis two (PC2; TP) at North Pond with land 
clearance removed (using estimated 2l0Pb dates) plotted against mean annual air 
temperature (deviation from 5-year running mean) from London, Ontario.
London Mean Annual Temperature (1897-1999) against PCI and PC2 Sample Scores 
Land Clearance Removed1895 1915 1935 1955 1975 1995 2015
1895 1915 1935 1955 1975 1995 2015T im e (Year)
FIGURE 5.18: PCA samples scores from axes one (PCI; thermal stratification) and two 
(PC2; TP) at North Pond with land clearance removed (using estimated 2l0Pb dates) 
plotted against mean annual air temperature (deviation from 5-year running mean) from 
London, Ontario.
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5.6.1 Lake Productivity and Temperature Records
Although relationships between diatom community composition and air 
temperature are weak at both Edward Lake and North Pond, there is a strong, positive 
relationship between lake productivity and increasing air temperature. The increase in 
chl-a as a percent of total organics at Edward Lake (Figure 5.19 ) and North Pond (Figure 
5.20) is coincident with the timing of temperature increase, most notably around ca. AD 
1977. This may be indicative of an increase in the abundance of algae types other than 
diatoms. Recent literature by Winter et al. (2011) observed an increase in the number of 
cyanobacterial bloom reports in Ontario between AD 1994 and AD 2009. The study 
suggested that cyanobacteria may continue to be favoured if water temperatures continue 
to increase because this toxic, blue-green algae are able to regulate their buoyancy under 
reduced vertical water column mixing. Schindler (1997) also documented an increase in 
filamentous green algae, such as Mougeotia and Zygnema spp., in response to warmer 
temperatures at the Experimental Lakes Area in northern Ontario.
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FIGURE 5.19: Chlorophyll a as a percent of organics (%) plotted against mean annual 
air temperature (deviation from 5-year running mean) at Edward Lake.
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FIGURE 5.20: Chlorophyll a as a percent of organics (%) plotted against mean annual 




The research presented here supports the following conclusions:
• Similar trends in the downcore profiles of percent organics and chi-a in Edward 
Lake and North Pond suggest that a shallow and deep lake are similarly impacted 
by increased erosion from land clearance, which leads to higher percentages of 
allochthonous inorganics and increased nutrient loading. Increased nutrient 
loading, in turn, results in increased algal productivity.
• Increased nutrient loads from European land clearance triggered a shift in diatom 
community composition to a new alternative stable state: from an oligotrophic, 
clear-water state to a eutrophic, turbid-water state at both lakes. This supports the 
hypothesis that both a shallow lake and a deep lake will shift to new stable states 
as a result of increased nutrient concentrations. At Edward Lake, the shift from 
epiphytic diatom taxa to planktonic diatom taxa was controlled by the interaction 
between macrophytes and lake turbidity, supporting the alternative stable state 
hypothesis for shallow lakes (Scheffer et al., 1993). These changes followed the 
predicted pathway of change from a pre-disturbance equilibrium state to a 
disturbance state, followed by a recovery/transition state and finally a new 
equilibrium state. Although, changes at North Pond also showed a switch from 
oligotrophic, benthic and epiphytic diatom communities to eutrophic, planktonic 
diatom communities, North Pond followed a different pathway of change, which 
included a pre-disturbance state, abrupt and rapid change immediately after
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disturbance and an almost immediate establishment of a new equilibrium state. 
Eventually, there appeared to be a shift towards recovery at North Pond, and then 
the establishment of a completely new stable state. These findings support 
previous ideas that deep lakes follow a different alternative stable state pathway 
than shallow lakes because of differences in mixing regimes. Internal P cycling 
may play an important role in deep, dimictic lakes that thermally stratify. The P:B 
ratio, C:D ratio and PC A species and samples ordination plots were useful for 
tracking regime shifts in lakes.
• Neither lake returned to pre-disturbance conditions, evident by the different 
diatom assemblages in pre-disturbed sediments compared to present day. 
However, both lake sites have shown some recovery and therefore indicate the 
possibility of a return to pre-disturbance conditions. A large reduction in nutrient 
levels to concentrations below pre-disturbance are needed to flip the lakes back to 
a clear-water state (Jeppesen et al., 2007). Because the intact biotic portion of a 
mature terrestrial ecosystem is very effective in conserving nutrient losses in 
drainage waters, reforesting the catchments and the shorelines is recommended.
• Contrary to my hypothesis, increasing temperatures are affecting limnic 
properties. At Edward Lake warming temperatures are correlated with changes in 
diatom community composition similar to those described for some shallow arctic 
ponds, whereas at North Pond the changes are similar to those described from 
deeper lakes from across the Northern Hemisphere. Although PCA sample scores 
at both Edward Lake and North Pond only show a weak relationship to annual
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temperatures, there is a strong link between warming temperatures and chl-a. This 
suggests an increase in productivity as a result of warming temperatures.
• Until recently, research on the impacts of climate change on temperate lakes has 
been minimal owing to the idea that the impacts of anthropogenic activities on 
lakes and lake catchments would override any subtle effects from climate change. 
Lake sites in the temperate region that have remained undisturbed are ideal; 
however, finding a site in southern Ontario is very difficult. My research shows 
that warming temperatures may be causing lakes to cross new ecological 
thresholds, which is alarming given that the temperature increases to date are less 
than half of what is predicted. Despite ongoing studies in the arctic and alpine 
regions on climate warming, increased research efforts in temperate areas to better 
understand the potential impacts of future climate change on lakes are critical.
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APPENDIX A: Limnological characteristics from Edward Lake and North Pond. 
Epilimnetic measurements are recorded at 1 m below the surface of the water; 
hypolimnetic measurements are recorded at 0.5 m above the bottom-most measurement. 
(--) indicates unavailable data.
Environmental
Variable
EDWARD LAKE NORTH POND
Summer 2009 August 6, 2009 July 7, 2010
Epilimnetic Hypolimnetic Epilimnetic Hypolimnetic
Max Depth (m) 1 .5 16
TEMP (°C) 20.45 19.8 27.3 3.3
DO (mg/L) 6.9 6.3 10.5 0 . 1
DO (%) 76.3 69.2 138 1.4
pH 8.7 8.7 10.4 8.7
SAL (ppt) 0 . 1 0 . 1 0.5 0 . 6
SPCOND (pm) 319 320 975 1175
Secchi Depth (m) 0.85 3.35
COLOUR murky light brown greenish brown
Winter 2009 — December 6, 2009
Epilimnetic Hypolimnetic Epilimnetic Hypolimnetic
Max Depth (m) — 9.5
TEMP (°C) — — 5.2 5.1
DO (mg/L) — — — —
DO (%) — — — —
PH — — 7.4 7.4
SAL (ppt) — — 0.5 0.5
SPCOND (pm) — — 1027 1027
Secchi Depth (m) — 2.5
COLOUR -- greenish brown
Spring
2010/2011
May 17, 2011 April 12, 2010
Epilimnetic Hypolimnetic Epilimnetic Hypolimnetic
Max Depth (m) l .5 21.5
TEMP (°C) 12.4 1 2 . 0 1 1 . 1 3.1
DO (mg/L) 9.1 9.1 11.4 0 . 2
DO (%) 8 8 . 1 87.5 105.5 2 . 2
pH 8 . 0 8 . 1 8.3 7.3
SAL (ppt) 0 . 2 0 . 2 0.5 0 . 6
SPCOND (pm) 393 393 1038 1183
Secchi Depth (m) 0.77 2.75
COLOUR murky light brown greenish brown
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APPENDIX B: Dissolved oxygen (mg/L) and Temperature (°C) plots scaled against 
depth (m) from North Pond from A) April 2010, B) July 2010, C) September 2010 and D) 
November 2010. Solid line represents the thermocline determined using the Hutchinson 
Method (Hutchinson, 1957); dashed lines represent the transition between the epilimnion, 
metalimnion and hypolimnion.
A) Depth against Temperature and Dissolved Oxygen, North Pond April 12,2010Dissolved Oxygen (mg/L)0 2 4 6 8 10 12 14
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B) Depth against Temperature and Dissolved Oxygen North PondJuly 7, 2010Dissolved Oxygen (mg/L)
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C) Depth against Temperature and Dissolved Oxygen North Pond September 12,2010
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Depth against Temperature and Dissolved Oxygen North Pond
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APPENDIX C: Temperature (°C) (TEMP), Dissolved Oxygen (mg/L) (DO) and 
thermocline measurements from April, July, September (using Hydrolab DS5®) and 
November (using YSI meter) 2010 from North Pond.
Month Max TEMP DO Thermocline
(2010) Depth (°C) (mg/L) (m)
(m) E pilim n etic H yp o lim n etic E p ilim n etic H ypo lim n etic
April 21.5 l i . i 3.1 11.4 0.2 5
July 16 27.3 3.3 10.5 0.1 1.5
Sept. 11 18.6 3.6 8.1 0.1 1
Nov. 15 10 4 7.1 0 2
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APPENDIX D: Water chemistry results taken from the epilimnion of Edward Lake on 
August 6 th, 2009 and from the epilimnion and hypolimnion of North Pond on August 14th, 
2009. Epilimnetic samples were taken 1 m below the surface of the water and the 
hypolimnetic water sample was taken at approximately 18 m depth (i.e. ~ 3  m above the 









TP -  P -  F 
(pg/L) Total Phosphorus
4 7.1 35.4
TP -  P -  UF 
(Pg/L)
14.4 14.3 391
NO3 NO2 -F  
(Pg/L) Nitrate and Nitrite
1 0 5 5
NO3 NO2  -  UF 
(Pg/L)
8 7 <5
N 0 2 - N -  F 
(Pg/L) Nitrite Nitrogen
2 1 4







NH3 -N- UF 
(Pg/L)
8 6 45 2080
TKN -  N -  F 
(Pg/L) Total kjeldahl 
nitrogen
348 621 3170




n o 3 - n o 2 -
UF NH3 -  N -  
UF




N:P Ratio Total Nitrogen to 
Total Phosphorus
39:1 49:1 13:1


















Chloride 17.0 204.4 265
S0 4  -  UF Sulphate 7.58 1 2 . 2 14.1
153
(mg/L)
F - U F
(mg/L)
Fluoride 0.03 0 . 1 1 0 . 1 1
C a - U F
(mg/L)
Calcium 24.8 44.8 69.8
M g - U F
(mg/L)
Magnesium 22.3 9.49 1 1 . 0
N a - U F
(mg/L)
Sodium 8.81 129 163
K - U F
(mg/L)
Potassium 2.93 2 . 2 2.60
SI0 2 -  UF 
(mg/L)
Dissolved Silica < 0 . 0 2 0.41 7.22
Chl-a (gg/L) Chl-a 8 . 2 2.4 5.2
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APPENDIX E: Diatom species, respective codes and authorities for all species > 1 % 
relative abundance and a minimum of three samples from Edward Lake and North Pond.




Achnanthes conspicua A. Mayer 1919 1 1





Hustedt 1930 3 3
Achnanthes lanceolata 
var. frequentissima
Lange-Bertalot 4 - -
Achnanthes minutissima Kützing 1833 5 4
Achnanthes minutissima 
var. minutissima










& Archibald in Krammer 
& Lange-Bertalot 1985
9
Achnanthes ziegleri Lange-Bertalot 1991 1 0 —
Amphora pediculus (Kützing) Grunow ex A. 
Schmidt 1875
1 1 6
Amphora thumensis (A. Mayer) Krieger 1929 1 2 —
Amphora veneta Kützing 1844 13 —
Asterionella formosa Hassall 1850 — 7
Aulacoseira subar etica (O. Mueller) Haworth 
1988
8
Aulacoseira ambigua (Grunow in Van Heurck) 
Simonsen 1979
14 9













Craticula halophila (Grunow ex Van Heurck) 




Cyclotella bodanica Grunow in Schneider 
1878
— 13
Cyclotella bodanica var. 
lemanica
(O. Mueller ex Schröter) 
Bachmann
14
Cyclotella michiginianna Skvortzow 1937 18 15
Cyclotella ocellata Pantocsek 1901 16
Cyclotella
pseudostelligera
Hustedt 1950 19 17
Cyclotella radiosa (Grunow) Lemmermann 
1900
— 18
Cymbella ehrenbergii Kützing 1844 20
Cymbella microcephala Grunow in Van Heurck 
1880
21 19
Cymbella silesiaca Blei sch ex Rabenhorst 
1864
22 20
Denticula kuetzingii Grunow 1862 23 21
Diatoma tenue Agardh 1812 24 22
Epithemia adnata (Kützing) Brebisson 
1838
— 23
Eunotia arcus Ehrenberg 1837 25 24
Eunotia bilunaris (Ehrenberg) Mills 1934 — 25





Eunotia formica Ehrenberg 1843 27
Fragilaria brevistriata Grunow in Van Heurck 
1885
26 28
Fragilaria capucina Desmazieres 1925 27 29
Fragilaria capucina spi 28 —
Fragilaria capucina var. 
capitello
Grunow in Van Heurck 
1881
30
Fragilaria capucina var. 
gracilis
(Oestrup) Hustedt 1950 29 31





Fragilaria capucina var. (Kützing) Lange-Bertalot — 33
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vaucheriae 1980








Fragilaria crotonensis Kitton 1869 — 36
Fragilaria exigua Grunow in Cleve & 
Möller 1878
- - 37
Fragilaria leptostauron (Ehrenberg) Hustedt 
1931
32 - -
Fragilaria fasciculata (C. Agardh) Lange- 
Bertalot 1980
33 —
Fragilaria nanana Lange-Bertalot 1991 34 38
Fragilaria pianata Ehrenberg 1843 35 39
Fragilaria tenera Lange-Bertalot 1980 36 40





Ehrenberg 1832 - - 42
Gomphonema angustum Agardh 1831 37 —
Gomphonema parvulum (Kutzing) Kutzing 1849 38 43
Gomphonema clevei Fricke 1902 39 —
Gomphonema micropus Kutzing 1844 40 —
Meridion circulare (Grev.) Agardh 1831 - - 44
Navicula bryophila Boye Petersen 1928 41 —
Navicula capitata var. 
hungarica
(Grunow) Ross 1947 - - 45
Navicula cari Ehrenberg 1836 42 46
Navicula cincta (Ehrenberg) Ralfs in 
Pritchard 1861
- - 47
Navicula dementis Grunow 1882 43 - -
Navicula cryptocephala Kützing 1844 — 48
Navicula cryptotenella Lange-Bertalot 1985 44 49
157
Navícula exilis Kutzing 1844 -- 50
Navícula menisculus Schumann 1867 — 51
Navícula mínima Grunow in Van Heurck 
1880
45 —
Navícula kuelbsii Lange-Bertalot 1985 46 52
Navícula
pseudoventralis
Hustedt 1953 47 53
Navícula spl 48 - -
Navícula radiosa Kutzing 1844 49 54
Navícula veneta Kützing 1844 50 - -
Navícula vitabunda Krammer & Lange- 
Bertalot 1986 non 
Hustedt 1930
51
Nitzschia frustulum (Kützing) Grunow in 
Cleve & Grunow 1880
55
Nitzschia palea (Kützing) W. Smith 1856 52 56
Nitzschia sigmoida (Nitzsch) W. Smith 1853 53 57
Stephanodiscus
hantzschii
(Hustedt) Häkansson & 
Stoermer 1984
54 —
Stephanodiscus medius Häkansson 1986 — 58
Stephanodiscus
minutulus
(Kützing) Cleve & 
Möller 1878
55 59
Stephanodiscus parvus Stoermer & Häkansson 
1984
56 60
Synedra ulna (Nitzsch) Ehrenberg 
1832
61
Tabellaría flocculosa (Roth) Kützing 1844 “ 62




Light micrographs of common diatoms recovered 
from the sediment cores of Edward Lake and North Pond.
All micrographs are at 1000X.
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PLATE 1
1-3: Cyclotella bodanica 
4-5: Cyclotella bodanica var. lemanica 
6-9: Cyclotella michiginianna
10-12: Cyclotella ocellata 
13-18: Cyclotella pseudostelligera 
19-21: Cyclotella radiosa 





1-4: Aulacoseira ambigua 
5-6: Aulacoseira subarctica 
7: Asterionella formosa 
8-11: Diatoma tenue 
1 2 : Meridion circulare 






I- 4: Fragilaria brevistriata 
5-7: Fragilaria construens
8-9: Fragilaria pianata 
10: Fragilaria leptostauron
I I -  14: Fragilaria nanana 
15: Fragilaria tenera
16-17: Fragilaria crotonensis 
18: Fragilaria capucina 
19: Fragilaria var. gracilis 
20: Fragilaria capucina var. vaucheriae 
21: Fragilaria capucina var. capitello 




1-4: Achnanthes conspicua 
5-7: Achnanthes exigua 
8-9: Achnanthes subatomoides 
10-11: Achnanthes ziegleri
12-14: Achnanthes lanceolata var. rostrata 
15-17: Achnanthes lanceolata var. frequentissima 
18-19: Achnanthes rosenstockii 
20-25: Achnanthes minutissima 
26-28: Achnanthes minutissima var. minutissima 
29-30: Achnanthes minutissima var.jackii 
31-32: Cocconeis placentula var. lineate 




I- 2: Navícula radiosa 
3-4: Navícula cryptocephala 
5-10: Navícula cryptotenella
I I -  12: Navícula cari
13-14: Navícula veneta
15: Navícula cincta 
16-17: Navícula clementis 
18: Navícula menisculus 
19-20: Navícula mínima 
21-23: Navícula kuelbsii 
24: Navícula spl 
25: Navícula bryophila 





1-2: Br achy sir a vitrea 
3: Craticula halophila 
4: Amphora pediculus 
5-6: Amphora veneta 
7-8: Cymbella ehrenbergii 






1-2: Gomphonema acuminatum 
3-4: Gomphonema parvulum 
5-7: Gomphonema micropus 
9-10: Denticula kuetzingii 
11: Epithemia adnata 
12-14: Nitzschiapalea 





1-2: Eunotia bilunaris 
3-4: Eunotia bilunaris var. linearis 













Benthic -  organisms that live associated with the substratum (i.e., living on or in the 
sediments)
Chlorophyll a -  is a photosynthetic pigment that is essential for most photosynthetic 
organisms
Chrysophecean stomatocyst (or cyst) -  is the siliceous resting stage of a group of 
golden-brown algae, which are typically found in the plankton of oligotrophic lakes. The 
stomatocysts are frequently preserved as fossils in lake sediments
Cultural Eutrophication -  nutrient enrichment from anthropogenic activities
Diatom -  are a unicellular algal group characterized by a cell-wall made of opaline silica. 
The resistant cell walls are frequently preserved as fossils in lake sediments
Dimictic -  a lake that mixes twice a year, usually in the spring and autumn, and thermally 
stratifies in summer and winter
Epilimnion -  a layer of warmer (less dense) surface water of a thermally stratified lake 
Epiphytic -  living on or attached to the surfaces of plants 
Eutrophic -  nutrient-rich lake
Inorganics -  are compounds that are considered to be of inanimate, not biological origin
Hypolimnion -  the colder (and denser), deepwater layer of a thermally stratified lake
Hysteresis -  stabilizing factors cause a tendency of systems to remain in a stable state, 
despite changes in the external conditions (e.g. for a lake: positive hysteresis = 
macrophytes; negative hysteresis = internal P recycling)
Kettle -  is a depression in the land formed when large chunks of ice break off a glacier as 
it retreats; the large chunks of ice can melt and form a kettle lake
Loss-On-Ignition -  provides an estimate of the organic matter of sediments by weighing 
the loss of dried sediment after igniting it to 550°C for 2 hours
Macrophyte -  is an aquatic plant that grows in or near water and is either emergent, 
submergent or floating
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Meromictic -  permanent stratification (does not experience mixing)
Oligotrophic -  nutrient-poor lake
Organic matter -  is matter that has come from once-living organism
Paleolimnology -  a multidisciplinary science that uses the physical, chemical and 
biological information preserved in lake sediments to reconstruct past environmental 
conditions
Planktonic -  organisms that spend their life cycle in the water column
Pollen -  the male gametophyte of a plant; can be preserved as a fossil in lake sediments
Polymictic -  a lake that experiences entire water column mixing frequently (not 
thermally stratified for extended periods)
Primary Production -  is the production of organic compounds from atmospheric and 
aquatic carbon dioxide through the process of photosynthesis. Principally two major 
groups: algae and plants
Principle Components Analysis (PCA) -  Indirect gradient analysis used to reduce large 
multivariate data sets to fewer dimensions of interrelated environmental variables. The 
first component extracted in a PCA accounts for maximal amount of total variance in the 
observed variables, but may be correlated to many. The second component will account 
for a maximal amount of variance in the data set that was not accounted for by the first 
component, and correlated with some variables that did not display strong correlations 
with principle component one
Thermal Stratification - the sinking of denser colder water causes a density difference 
between the upper warmer water preventing the entire water column from mixing
Thermocline -  the layer of maximum temperature change in a thermally stratified lake
Turbidity -  is the cloudiness or haziness of a fluid (e.g., a lake). In a lake it may be 
caused by individual particles (suspended solids) and/or the growth of phytoplankton
Turbulence -  flow regime characterized by chaotic and stochastic property changes. In a 
lake, turbulence is associated with water column mixing
Tychoplanktonic -  diatoms that have their true habitat in the benthic zone but can be 
found resuspended in the water column
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